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Abstract
Environmental contaminants, parasitism, and disease in white perch Morone americana
from Chesapeake Bay, USA
Mark Arnold Matsche

White perch are an abundant demersal fish species in freshwater and oligohaline habitats
of the Chesapeake Bay. An avoidance of salinity > 12-15 ppt generally restricts the distribution
and movements of fish to within tributaries in the mid to lower Bay, which over time has resulted
in the formation of at least three separate stocks in Chesapeake Bay. Sub-populations of white
perch that are partially isolated may serve as sentinels of the conditions or stressors in the
tributaries in which they reside. Fish are exposed to a variety of environmental contaminants and
other anthropogenic stressors that can vary in magnitude based on regional differences in landuse patterns. Health studies of white perch conducted in the 1980s and 1990s revealed a variety
of hepatic lesions, including two reports of liver neoplasms, which suggested a sensitivity to
degraded habitat or pollution. However, surveys to determine prevalences and potential
etiologies of tumors were not determined and the health of white perch in Chesapeake Bay was
not investigated again until the studies reported herein. Recent health investigations has revealed
associations between neoplasms (cholangiocarcinomas) and bile duct parasites (coccidian and
myxozoan) that were not previously described from white perch. These findings raised questions
concerning the potential roles of contaminants and parasitism in liver tumor induction in this
species. To address knowledge gaps associated with the prevalence and etiology of tumors in
white perch, an assessment of environmental contaminants, biomarkers of exposure, biliary

parasites, and liver histopathology was required. This study was conducted in two tributaries of
the Bay: the Choptank River, an eastern shore tributary with extensive watershed agriculture, and
the Severn River, a western shore tributary with extensive development. This dissertation
addresses: 1) descriptions and taxonomic placement of the coccidian and myxozoan parasites; 2)
measurement of waterborne concentrations of polycyclic aromatic hydrocarbons (PAHs),
organochlorine pesticides, and brominated diphenyl ethers; 3) detection of biliary metabolites as
a biomarker of exposures to PAHs; 4) a histopathological description of parasitic infections,
neoplasms and other lesions in the liver of fish; 5) an assessment of the biological and
anthropogenic risk factors for neoplasia; and 6) an assessment of splenic and hepatic macrophage
aggregates as an alternate biomarker of contaminant exposure.
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Chapter One: Introduction and Literature Review
Biology and population dynamics
The white perch, Morone americana, was first mentioned in a survey of fish conducted in
New York by the German naturalist Johann David Schoepf in 1788, and was formally described
as Perca americana by Johann Friedrich Gmelin in 1789 (Woolcott 1962). Subsequent surveys
of North American fish fauna in the 18th and 19th centuries resulted in the listing of 15 synonyms
of white perch including Morone americana in 1860 and Roccus americanus in 1882 (Gill 1860,
Jordan & Gilbert 1882, Woolcott 1962). Both genera Morone and Roccus were used in the 19th
and 20th centuries. Roccus americanus was used as late as 1989 (O'Connor et al.), however by
then taxonomists settled on placement of white perch within the temperate bass family
Moronidae Jordan and Evermann 1896, and Roccus Mitchell 1814 was declared a synonym of
Morone Mitchell 1814 (Nelson 2006).
The native range of white perch is within the Atlantic slope drainages from Nova Scotia
to South Carolina, but introductions have resulted in the spread of this species to the Great Lakes
and their surrounding states and other parts of the United States (Boileau 1985, Setzler-Hamilton
1991, Fuller et al. 2018). White perch are an abundant demersal species throughout the
Chesapeake Bay, particularly in Maryland’s upper Bay where this species is important in the
recreational and commercial fisheries of the region (Hildebrand & Schroeder 1928, SetzlerHamilton 1991, Murdy et al. 1997, Jung & Houde 2003). Generally high stock abundance
combined with relatively high fecundities (Mansueti 1964) result in white perch larvae
comprising a major component of the ichthyoplankton in the upper Bay and many tributaries
during spring (Dovel 1967, Dovel 1971, Boone 1985, North & Houde 2001, Shoji et al. 2005).
Adult white perch inhabit freshwater to brackish reaches of tributaries of salinity < 15 ppt,
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although some fish are rarely found in higher salinities (Mansueti 1961b, Setzler-Hamilton
1991).
Fish migrate in the spring from the estuary to shallow spawning grounds where salinity <
3 ppt, and spawning is generally initiated between 10° and 15° C (Mansueti 1961b, Stanley &
Danie 1983, Setzler-Hamilton 1991, Murdy et al. 1997, Kerr et al. 2009). Ovarian development
is asynchronous resulting in multiple-clutch batch spawning over a period of about 7-21 days
(Mansueti 1961b, 1964, Jackson & Sullivan 1995). Broodfish display courtship behavior
involving several males attending (close following), periodic abdominal “butting” (contacting
body with snout), and circling a single female (Salek et al. 2001b). Courtship behaviors appear
to be regulated by circulating androgens, which may be stimulated by water temperature and
photoperiod (Salek et al. 2001a, Salek et al. 2002). Gametes are released concomitantly by
courting males and females, often near the water surface (Mansueti 1961b, 1964, Hardy 1978).
Eggs are demersal and adhesive initially; single or small clusters of eggs may attach to benthic
structure, settle over substrate in calm water, or drift with the tides and current (Mansueti 1964,
Dovel 1967, Dovel 1971, Hardy 1978).
Following spawning, a contingent of adults migrates back to the estuary while another
contingent remains in fresh water. Pelagic larvae are generally retained upstream of the salt front
within the estuarine turbidity maximum (North & Houde 2001) and settle in littoral habitats in
freshwater or in the upper estuary at about 45 days post-hatch (Kraus & Secor 2004), which is
about the transition time to metamorphose into juveniles (Mansueti 1964, Klauda et al. 1988).
Juvenile migrants move downstream during summer into shallow inshore habitat, typically of
salinity < 8 ppt, (Rinaldo 1971, Stanley & Danie 1983, Setzler-Hamilton 1991). Adults may
move further down in the estuary during summer and fall than juveniles, and fish generally
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aggregate in deep water (depth > 6 m) as a thermal refuge to overwinter (Mansueti 1961b, Miller
1963, Setzler-Hamilton 1991). White perch males typically mature by age 2, and females mature
by age 3 (Miller 1963, Mansueti 1964, Klauda et al. 1988). However, this species can exhibit
reproductive plasticity following introductions to new water bodies, maturing as early as age-1
(Sheri & Power 1968, Bur 1986, Schaeffer & Margraf 1986, Feiner et al. 2012).
White perch are opportunistic omnivores that exhibit a demersal rover predator strategy
in which the diet composition is greatly influenced by local habitat and prey availability (Stanley
& Danie 1983, Setzler-Hamilton 1991). The diet of white perch changes from a planktivore as
larvae to a benthic omnivorous forager as juveniles and adults. Smaller size classes of larval
white perch feed on rotifers, cladocerans (e.g. Bosmina sp), and copepodites, shifting to adult
copepods (e.g. Eurytemora affinis) as larvae increase in size (Setzler-Hamilton et al. 1981,
Limburg et al. 1997, Shoji et al. 2005). In freshwater, Daphnia sp. can comprise a large portion
of the grazing diet of larval and juvenile white perch (Couture & Watzin 2008). Juveniles feed
extensively on benthic insect larvae and crustaceans such as cladocerans and amphipods, but
may also consume fish eggs, benthic algae and detritus (Miller 1963, Bath & O'Connor 1985,
Schaeffer & Margraf 1987, Weisberg & Janicki 1990, Murdy et al. 1997, St-Hilaire et al. 2002,
Cole & Solomon 2012). However, juveniles may switch to grazing zooplankton when densities
reach certain thresholds (Parrish & Margraf 1990, 1994, Couture & Watzin 2008). Within
estuaries, adult white perch forage primarily on benthic prey items such as crustaceans, annelids,
insects, and fish eggs, while fish generally constitutes a low proportion of the diet (Bath &
O'Connor 1985, Weisberg & Janicki 1990, Weis 2005, Gosch et al. 2010). However, in branches
of the Delaware River, Fundulid fish were an important component of the diet in white perch that
were > 139 mm TL (Nemerson and Able 2004). Recent observations of the diet of adult white
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perch in the Choptank and Severn Rivers indicates a high proportion of mysid crustaceans and
annelids mixed with detritus and sediment, low proportions of Xanthid mud crabs and juvenile
blue crabs Callinectes sapidus, and rarely fish (Matsche unpublished data). White perch readily
adapt to variations in prey composition and abundance when introduced to water bodies outside
their native range (Schaeffer & Margraf 1987, Prout et al. 1990, Hurley 1992, Gosch et al. 2010,
Feiner et al. 2013).
White perch populations exhibit a partial-migration life history strategy, which may be an
adaptation to the highly variable environmental conditions in coastal estuaries (Secor 1999).
Partial migration involves the divergence of stocks into multiple contingents that utilize different
habitats within the tributary or home range (Secor 1999). Two contingents have been identified
in white perch populations, a migratory contingent that disperses downstream into the estuary
and a resident contingent that remains in the natal tributary (Kraus & Secor 2004). Partial
migration of white perch has been demonstrated in multiple tributaries of Chesapeake Bay and
the Hudson River (Kraus & Secor 2004, Kerr & Secor 2012, Gallagher 2016). Recruitment to
each contingent appears to be a bioenergetic and behavioral response to conditions during larval
stages rather than by genetic allocation (Kerr & Secor 2009, Gallagher et al. 2018).
The timing of larval hatching plays an important role in determining contingent allocation
and stock dynamics. White perch spawning general occurs at the head of estuaries, at or above
the salt wedge in spring (Mansueti 1961a, Setzler-Hamilton 1991). Eggs and larvae are
transported and retained within the estuarine turbidity maximum, which also concentrates total
suspended solids, plankton and other organisms (Schubel 1968, North & Houde 2001). Growth
and survival of larvae is dependent upon zooplankton abundance, water flow and temperature
(Limburg et al. 1999, North & Houde 2003). Larvae that hatch earlier in spring when water
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temperatures are cooler and prey abundance is lower tend to recruit into the migratory
contingent, while larvae that hatch later during warmer temperatures and higher prey abundance
tend to recruit into the resident freshwater contingent (Kerr & Secor 2010, Gallagher et al. 2018).
Reduced prey consumption and growth rates among early-hatched larvae may trigger allocation
to the migratory contingent resulting in dispersion to the estuary (Kraus & Secor 2004, Kerr &
Secor 2009, 2010). Juveniles that disperse into estuaries exhibit higher prey consumption and
growth rates compared to resident contingents (Kerr et al. 2009, Gallagher et al. 2018).
Dispersal of slow growing larvae to the estuary may be a compensatory mechanism to meet the
energetic needs of this early-hatched cohort (Kerr & Secor 2009).
Acoustic telemetry studies demonstrate that white perch exhibit site fidelity within a
limited home range in the estuary during summer and early autumn (McGrath and Austin 2009,
Jones et al. 2014), which is likely a strategy to reduce intraspecific competition and increase
growth and energy storage prior to overwintering and spawning. Mean area of fish home ranges
were 0.1 km2 in the York River, Virginia, and 0.003 km2 in Spartina habitat and 0.065 km2 in
mixed habitat in Alloway Creek, Delaware Bay (McGrath and Austin 2009, Jones et al. 2014).
The majority of fish (70-92%) in Alloway Creek exhibited fidelity to core areas of preferred
habitat (Spartina or mixed), but not when released into invasive Phragmites habitat (Jones et al.
2014). Tagged fish demonstrated diel upstream/downstream movements (McCauley et al. 2014)
and inshore/offshore movements associated with flood and ebb tides (McGrath and Austin
2009), which were likely associated with foraging or predator avoidance strategies. White perch
are most active during the summer and early fall (McCauley et al. 2014) which suggests
increased foraging as stomach contents and fullness are typically highest during these times
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(Nemerson and Able 2004, DNR unpublished data). To date, telemetry studies have not been
done with freshwater contingents of white perch.
An assessment of the white perch population in the Choptank River by otolith
microchemistry indicated that 55% of the stock were migratory contingents and 45% were
residents (Kerr & Secor 2012). In general, the proportion of white perch populations composed
of resident contingents decreased from the low salinity upper Bay (69%) to tributaries in the high
salinity lower Bay (18% in James River), with the Choptank River being a transitional tributary
(Kerr & Secor 2012). The areal coverage of the estuary (19.2 km2) in the Choptank River is
greater than the extent of freshwater habitat (11.5 km2). However, the nursery habitat value
(proportion of adults contributed per area of habitat) for freshwater was greater than that of the
estuary (Kerr & Secor 2012). The value of estuarine nursery habitat may be greater during years
of high larval recruitment, while freshwater habitat may have a higher nursery value with
moderate to low recruitment (Kraus & Secor 2005a). Utilization of the more productive
estuarine habitat provides a growth advantage to the migratory contingent, with the potential
tradeoffs of increased mortality rates and decreased fitness compared to the resident fresh water
contingent (Mangel & Stamps 2001, Newhard et al. 2012). It appears that most fish do not
change contingents once allocated, and therefore ecological conditions during the larval period
may influence the adult white perch populations (Kerr et al. 2009, Gallagher et al. 2018). The
available data indicates that the partial migration strategy in white perch may be a flexible
adaptation to utilize the estuary (migratory contingent) to increase overall stock productivity and
resilience, while the upstream freshwater habitat (resident contingent) favors population stability
when larval recruitment is low (Kraus & Secor 2004, Kerr et al. 2010, Kerr & Secor 2012,
Gallagher et al. 2018).
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Tagging data, salinity preferences, morphological comparisons, otolith microchemistry,
and genetic data indicate that in the mid- to lower regions of Chesapeake Bay white perch
generally reside within the same sub-estuary their entire life and that little mixing occurs
between tributaries (Mansueti 1961b, Mulligan & Chapman 1989, Setzler-Hamilton 1991).
Broadly defined gene pools of white perch were first noted by Woolcott (1962), based on
meristic differences between fish north and south of Delaware River. Later, Mansueti (1961b)
demonstrated unique subpopulations of white perch within Chesapeake Bay based on meristics.
Mitochondrial DNA analysis confirmed the existence of at least 3 separate white perch stocks
within Chesapeake Bay (Mulligan & Chapman 1989). Fish stocks identified by DNA analysis
included: 1) the Virginia tributaries (James and York Rivers), 2) eastern shore tributaries from
the Nanticoke to the head of the Bay, and 3) The Potomac River (Mulligan & Chapman 1989).
Survey data and morphological and DNA evidence suggest that Patuxent River may constitute a
fourth stock (Mansueti 1961b, Mulligan & Chapman 1989). Divergence among meristic
characteristics and DNA were greater among the lower tributaries of the Bay indicating that
higher salinity (>15 ppt) is likely a barrier to immigration/emigration (Mulligan & Chapman
1989). However, storm events or unusually high seasonal precipitation may temporary lower the
salinity barrier permitting mixing of adjacent stocks (Mulligan & Chapman 1989). Available
tagging data provides additional evidence that salinity gradients in the mid to lower Bay deter
white perch from leaving tributaries (Mansueti 1961b, DNR unpublished data). In contrast,
salinity levels are markedly lower in the upper Bay in most years and white perch from several
small, adjacent tributaries (e.g. Patapsco, Gunpowder, Elk, Northeast, and Bohemia Rivers) mix
extensively during spawning season (Mulligan & Chapman 1989, Setzler-Hamilton 1991, Kraus
& Secor 2005b, Piavis & Webb 2018). The otolith microchemistry signatures differ significantly
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between upper Bay fish and fish from lower tributaries, including the Choptank River (Kerr &
Secor 2012). Although, the upper Bay sub-population of white perch is composed primarily of
resident contingents, the total size of the migratory contingent is much larger than the migratory
contingents of the Patuxent, Choptank and Nanticoke Rivers combined (Kerr & Secor 2012).
Therefore, the genetic connection between the upper Bay and Choptank River fish is likely
maintained by a low amount of emigration from the upper Bay to these tributaries.
The segregation of Chesapeake Bay white perch into relatively discrete sub-populations
may be useful for comparative investigations seeking to link land use-patterns, chemical
contaminants or other stressors to fish health (Comeleo et al. 1996, Dauer et al. 2000, King et al.
2004, Mason et al. 2006). Development and land-use activities such as industry, agriculture, and
urbanization have a detrimental effect on water quality in adjacent tributaries. The types and
magnitude of environmental stressors within a watershed varies by a number of factors including
the size of the watershed; the type and extent of development; human population size; the
biogeography, hydrology and physical aspects of the watershed; and more. Regional differences
in land use activities and human population growth and development have resulted in a spectrum
of impacted tributaries within Chesapeake Bay (Comeleo et al. 1996, Dauer et al. 2000, Xu et al.
2013, Leight et al. 2014, Leight et al. 2015). Concentrations of polychlorinated biphenyls
(PCBs) in fish tissues were significantly related to the extent of commercial development of land
adjacent to tributaries (King et al. 2004). Tributary-specific differences were also detected in
mercury concentration in white perch; Choptank River fish had higher concentrations than
Severn River fish (Mason et al. 2006). More recently, health biomarkers and tissue contaminants
were significantly different in white perch at an impacted urban site in the Tred Avon River, a
sub-tributary of the Choptank River, compared to relatively un-impacted rural sites further
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downstream during summer and early fall (McLaughlin et al. 2018). White perch that occupied
the impacted site exhibited physiological indicators of stress (health index scores, leukopenia and
neutrophilia, elevated volumes of splenic macrophage aggregates and increased parasitism) and
significantly greater tissue concentrations of PCBs, dichlorodiphenyltrichloroethanes (DDTs)
and polybrominated diphenyl ethers (PBDEs) compared to fish downstream (McLaughlin et al.
2018). Declines in abundance of white perch have also been linked to the extent of development
within sub-watersheds based on regional differences in land-use activities (Uphoff et al. 2011).
Development, as measured by the percentage of impervious surface within a sub-watershed, was
strongly linked to declines in dissolved oxygen and increases in erosion, sedimentation,
temperature, nutrients, and contaminant loads (Wheeler et al. 2005). These studies demonstrated
the potential utility of white perch as a bioindicator of land-use patterns and anthropogenic
stressors in the Bay. To date, however, there is no information on the potential impact of
contingency on contaminant or health biomarkers. Almost all studies of tissue contaminants and
health assessments involved sub-populations of white perch from tidal waters, which are
presumed to be estuarine contingents. It is also possible that white perch could exhibit
differences in response to stressors based on contingency status (i.e. brackish vs freshwater),
similar to that observed in striped bass Morone saxatilis (Ashley et al. 2000, Secor et al. 2001,
Zlokovitz et al. 2003).

Parasites
White perch are potential hosts to most major taxa of parasites including protozoa,
monogenea, digenea, cestoidea, acanthocephala, nematoda, mollusca, and crustacea (Hoffman
1999). By the beginning of the 20th century, there was already much interest in documenting
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parasites of fish along the Atlantic coast and coastal tributaries, which included the native range
of white perch (Leidy 1878, 1888, Linton 1897, 1900, Pratt 1900, Linton 1905). Early coastal
surveys of fish parasites, many conducted in the area of Woods Hole, Massachusetts,
documented a variety of vermiform parasites from white perch including monogenea, digenea,
cestoidea, and nematoda (Linton 1897, 1900, 1905, MacCallum 1913). Several of these parasites
required re-description or nomenclature revisions based on taxonomic changes in later years
(MacCallum 1916, Linton 1940, Stunkard 1964, 1969, 1980, Baker 1984, Beverley-Burton et al.
1986, Wheeler & Beverley-Burton 1989). During this period there was an emphasis on
crustacean and vermiform parasites of fish, with relatively few reports of protozoan parasites in
general (Mitchell 2001), and none made from white perch. Later, surveys conducted in the
northern range of white perch (New York, Massachusetts, Maine, and Canada) added to the list
of known parasites (the copepod Ergasilus labricis, the isopod Livoneca ovalis and glochidia of
freshwater mussels), provided infection rates, and reported observations of apparent health
effects of parasitism in some cases (de Roth 1953, Sindermann 1953, Meyer 1954, Taub 1968,
Kaczynski & Cannon 1974, Hogan & Williams 1976, Liguori 1979, Chisholm et al. 1991,
Kneeland & Rhymer 2008). Reports of parasites from the southern range (North and South
Carolina) of white perch document one species of crusctacea (Burris & Miller 1972), two species
of monogenea (Mayes & Johnson III 1975), and molluscan glochidia (Eads et al. 2015).
Parasites of white perch in Chesapeake Bay area were reported in lists of flora and fauna
based on surveys conducted by Virginia Institute of Marine Science and others (Wass 1972).
Livoneca ovalis, a common crustacean parasite in Chesapeake Bay fishes, was reported to reduce
the growth rate of white perch in the Delaware River (Sadzikowski & Wallace 1974). In 1976,
two reports were published documenting parasite surveys conducted in Chesapeake Bay. The
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first study was conducted from May to October, 1970, during which 213 white perch (ages 1-10)
were examined for parasites (Beacham & Haley 1976). Fish were collected from Maryland’s
Bay Bridge down to Hooper’s Island. Parasite species identified from these fish included 3
species of nematodes, 4 species of trematodes, an unidentified cestode and an acanthocephalan,
and Livoneca ovalis (Beacham & Haley 1976). The second report was of a survey conducted
from May 1972 to May 1973, primarily in the mid to lower Chesapeake Bay (Paperna &
Zwerner 1976). This second survey focused on parasites and diseases in striped bass, but the
authors examined other fish species including white perch to determine the extent of parasitic cooccurrence. Parasites reported from white perch in this survey included Chlamydia
(Epitheliocystis), protozoa (Trichodina davisi, Colponema sp, Myxobolus sp., Nosema sp.),
digenea (Lepocradium areolatum, Stephanostomum tenue), trematoda (Diplostomum sp.,
Ascocotylid sp., Clinostomum marginatum), cestoidea (Protocephalid sp.), acanthocephala
(Pomphorhynchys rocci), nematoda (Spinithectus sp.), crustacea (Ergasilis labracis, E. lizae),
and Mollusca (glochidia from unknown species) (Paperna & Zwerner 1976). Jackson et al
(1978) followed with a report of 4 species of nematode parasites from white perch that were
purchased from fish markets in Washington DC and presumed to be from Chesapeake Bay.
Additional protozoans were later identified in white perch from Chesapeake Bay including
Cryptobia sp. (Burreson & Sypek 1981) and Kudoa sp. (Bunton & Poynton 1991).
The westward expansion of white perch into the Great Lakes exposed fish to an increased
diversity of parasites. Around 1950, white perch invaded the eastern Great Lakes, probably
though the Oswego River and Erie Barge canal, New York (Scott & Christie 1963, Boileau
1985). By 1955, white perch were routinely caught in the Bay of Quinte, Lake Ontario, and by
1959, were the dominant fish species in the area (Scott & Christie 1963). The success of white
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perch in Lake Ontario resulted in a recreational and commercial fishery, and accompanying
scientific and management attention including an examination of parasite assemblages before
and after host range expansion (Sheri & Power 1968, Tedla & Fernando 1969a, b). In 1961, the
Ontario Ministry of Natural Resources began an extensive survey of fish parasites in the
Canadian waters of the Great lakes (Nepszy 1988). The Lake Ontario component of this survey
was conducted from 1961 to 1971, which included 67 white perch examined from a total of 1965
fish representing 56 species (Dechtiar & Christie 1988). A total of 16 parasite species were
recorded from white perch during this survey of Lake Ontario including: protozoa (2),
monogenea (2), trematoda (4), cestoidea (2), nematoda (4), and acanthacephala (2). It is
interesting that no coccidia were reported from white perch or any other fish species during the
Great Lakes parasite survey (Dechtiar & Christie 1988), even though a variety of protozoans
were detected in multiple organs and numerous parasites were described from the intestines of
various fish (Nepszy 1988). The first account of coccidia in Canada was published soon after
(1974), and included 12 new species of Eimeria from at least 8 different species of fish from the
Bay of Quinte, Lake Ontario, including the first reports of coccidia from white perch (Eimeria
moronei and Eimeria glenorensis) (Molnar & Fernando 1974). The study of Molnar and
Fernando (1974) indicates that coccidia were likely overlooked during the Great Lakes parasite
survey, possibly because of inexperience with that group of parasites or because fish sampling
did not coincide with seasonal coccidial development. Prior to the publication of Molnar and
Fernando (1974), there were only two reports of coccidia from North America (Hoffman 1965,
DeGiusti & Hnath 1968). Dr. Molnar brought extensive experience describing coccidia from
European fish to the survey of parasites of Bay of Quinte fish in 1974. There have been no other
reports of coccidia in white perch until this present study, so it cannot be determined if E.
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moronei and E. glenorensis were acquired after expansion into the Great Lakes from within the
native host range.
Coccidia (Goussia bayae Matsche Adams Blazer 2019) were first observed by this author
during routine health investigations of white perch in 2015. No reports were located in the
literature matching the description of this coccidial species. Bunton et al. (1987) reported
“solitary, unidentified parasites” in the bile ducts of 2 fish, which could have been coccidia,
myxozoan plasmodia, or another parasitic species not currently found in white perch. A review
of the archives of the Registry of Marine Pathology (tissue collection located at the NOAA
Cooperative Oxford Laboratory, Oxford, Maryland) indicated that coccidia and other protozoan
parasites were observed incidentally in Chesapeake Bay or coastal fish, but were not identified or
described (NOAA 1989). Two white perch collected during a fish kill event in April 1982 from
the Choptank River, Maryland, were infected with coccidia (and myxozoan plasmodia) in
hepatic bile ducts, resembling Goussia bayae (NOAA 1989), and more recently, unidentified
coccidia resembling Eimeria sp. (Matsche et al. 2019) have been observed in the intestine of
white perch. It is likely that coccidia are far more prevalent among North American fish than are
currently recognized (Lom & Dyková 1992, Molnár 2006).
A search of the Global Biotic Interactions (GloBI) database (Poelen et al. 2014) lists 71
records of parasites from white perch (https://www.globalbioticinteractions.org, accessed 15
August, 2020). A summary of currently recognized parasites from white perch hosts is as
follows:
Major taxa

Parasite

Protozoa

Colponema sp,, Cryptobia sp., Trichodina davisi

Microsporidia

Nosema sp.
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Apicomplexa

Eimeria moronei, E. glenorensis, Goussia bayae

Myxozoa

Kudo sp., Myxidium sp. Myxobolus sp.,

Monogenea

Bicotylophora sp., Dactylocotyle denticulatum, Erpocotyle mavori,
Microcotyle eueides, M. macroura, Monocelis lineata,
Onchocleidus mimius, O. nactus, O. rogersi
Pauciconfibula subsolana, Pedocotyle morone, Podocotyle reflexa,

Digenea

Apophallus venustus, Azygia sp., Brachyphallus crenatus,
Clinostomum marginatum, Crepidostomum cooperi,
Diplostomum huronense, D. scheuringi, D. spathaceum,
Fasciola sp., Globoporum moronis, Homalometron pallidum,
Lepocreadium areolatum, L. californianum, L. trachinoti,
L. trullaforme, Neochasmus sogandaresi, Posthodiplostomum
minimum, Stephanostomum tenue, Trilobovarium truncatum,
Tylodelphys scheuringi

Cestoidea

Bothrimonus sturionis, Cestodaria sp., Diplocotyle olrikii,
Proteocephalus ambloplitis, Triaenophorus nodulosus

Acanthocephala

Acanthocephalus anguillae, Dollfusentis chandleri,
Leptorhynchoides thecatus, Neochinorhynchus agilis,
Neoechinorhynchus cylindratus, Paratenuisentis ambiguous,
Pomphorhynchus rocci

Nematoda

Camallanus lacustris, Cucullanellus cotylophora, Cucullanus sp.,
Dacnitoides cotylophora, Eustrongylides tubifex, Gnathostoma sp.,
Goezia sinamora, Metabronema sp., Philometra rubra, Spinitectus
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carolini
Mollusca

glochidia of Elliptio roanokensis, other unknown species

Crustacea

Ergasilis labracis, E. lizae, Livoneca ovalis

Habitat deterioration and contaminants
White perch populations in Chesapeake Bay occupy habitat that is increasingly impacted
by human population growth and development. Transformation of the landscape from
deforestation, agriculture, urbanization and shoreline development can have a dramatic effect on
watershed characteristics (Leight et al. 2015). Human land use activities can result in increases
in volume and intensity of runoff, flow velocity, bank erosion, volume of sedimentation, and
amounts of chemical contaminants and nutrients (Kemp et al. 2005, Wheeler et al. 2005). These
changes can result in a decline in “tributary health”, which may encompass hypoxia, increased
water temperatures, reduced aquatic vegetation, loss of suitable habitat for fish and other
animals, declines or shifts in prey items and other changes (Dauer et al. 2000, Llansó et al. 2003,
Goetz et al. 2004). Declines in tributary health have been implicated in health problems or
declines in white perch populations (Morgan et al. 1973, St. Pierre & Hoagman 1975, Ferguson
et al. 1982, Summers et al. 1990, Kavanagh et al. 2004). Urbanization or development has been
linked with declines in fish abundance and community composition and may include an increase
in invasive species (Limburg & Schmidt 1990, Stranko et al. 2008). The extent of human
development as urbanization within a watershed can be measured as the percentage of land
converted to impervious surface, which corresponds to roads and other paved areas and
commercial and residential buildings or structures (Goetz et al. 2004, Lu & Weng 2006). The
percentage of impervious surface from development is generally higher in the Severn River and
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other western shore tributaries of the Bay compared to the Choptank River and other eastern
shore tributaries, which have a higher percentage of agriculture regionally (Uphoff et al. 2011).
Declines in abundance of white perch and other fish species have been linked to the percentage
of impervious surface in Chesapeake Bay watersheds (Uphoff et al. 2011). Agriculture presents
a different set of challenges to tributaries as a result of increased nutrient, sediment and chemical
contaminant inputs from runoff of cleared and tilled landscape (Jordan et al. 1997, Dauer et al.
2000, Whitall et al. 2010). These agricultural effects can result in eutrophication, hypoxia, loss
of fish habitat, declines in overall fish abundance, and other problems (Boesch et al. 2001, Kemp
et al. 2005, Fisher et al. 2006b, Orth et al. 2012).
Contamination from nutrients has resulted in eutrophication of Chesapeake Bay
tributaries, which has led to chronic and widespread oxygen depletion (Hagy et al. 2004, Kemp
et al. 2005). A critical habitat requirement for white perch and other fish is the level of dissolved
oxygen (DO) in the water (Setzler-Hamilton 1991). Hypoxia has been associated with
eutrophication, degraded habitat and chemical contamination, and tends to be more severe in the
main stem of the Bay and in western shore tributaries compared to Choptank River and other
eastern shore tributaries (Llansó et al. 2003). Water quality surveys generally support these
findings; seasonal hypoxia (early summer-early autumn) is extensive in mid to deep water
habitat in Severn River, while many areas of near-shore and mid water habitat in Choptank River
are typically normoxic (DNR, unpublished data). However, the extent of hypoxia in the
Choptank River has been increasing with increasing nutrient inputs from agriculture and sewage
from a growing human population (Fisher et al. 2006a). White perch occupy different habitats
throughout the year as part of semi-anadromous migrations including spawning and nursery
areas, shallow inshore, open water, and deep-water channels. Each of these habitat types may be
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subject to acute or chronic oxygen depletion depending on a variety of environmental and
anthropogenic factors (Batiuk et al. 2009). All life stages of white perch require at least 5 mgL-1
DO (Setzler-Hamilton 1991) and will avoid water < 6 mgL-1 DO if possible (Meldrim et al.
1974). However, rapid declines in DO from wind and current forces or abrupt changes in
weather patterns may limit the ability of fish to avoid hypoxia, particularly early life stages
(Breitburg 1990, Breitburg 1992). Mortality rates may be high within hours if white perch are
unable to avoid hypoxia (Dorfman & Westman 1970), and chronic exposure to hypoxia can lead
to a number of physiological effects that can impact biological functions, growth rates and health
of fish (Breitburg 2002, Pollock et al. 2007).
White perch in Chesapeake Bay are exposed to a large number of potentially harmful
substances that originate from a variety of point and non-point sources (Hartwell & Jordan
1991). In the 1970s and early 1980s there was much interest in evaluating the sensitivity of
substances deemed to be potentially harmful to white perch and other estuarine fish species
(Morgan et al. 1973, Fischer et al. 1989). Increased sedimentation from urban or agricultural
runoff can impair development and increase mortality of eggs and larvae (Auld & Schubel 1978,
Morgan et al. 1983). Chlorine was considered to be a risk to fish from accidental release from
wastewater treatment facilities. Total residual chlorine in the water column at concentrations >
0.26 mgL-1 can stunt egg and larval development (Morgan & Prince 1977, 1978), and mortality
rates increase as a function of concentration and exposure time (Hall Jr et al. 1979). The toxicity
of chlorine may be greater in brackish water compared to freshwater (Meldrim et al. 1981), and
adult white perch demonstrate an avoidance response to the presence of chlorine (Meldrim &
Fava 1977). The toxicity of ozone was evaluated as ozone was considered a potential
replacement for the disinfection of wastewater. Ozone was more toxic to white perch in
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freshwater than in low salinity water, but white perch may be more sensitive to these compounds
in low salinity waters based on avoidance behaviors and “cough” response (Meldrim et al. 1981).
Acute toxicity of chlorine and ozone was associated with damage to gill tissue and changes in
blood pH and hematocrit (Block et al. 1977, Block 1977, Rosenkranz et al. 1978, Richardson et
al. 1983). Rehwoldt et al (1974) evaluated the toxicity of fuel oils, a collecting agent (Herder,
Shell Oil Company) and a dispersant (linear alkylate sulfonate) that were commonly used during
oil spill responses. The results indicated that the dispersant was 8-9 times more toxic to adult
white perch than the fuel oils, and that the toxicity of the fuel oils increased when partially
solubilized by the dispersant (Rehwoldt et al. 1974). Rehwoldt et al (1971) examined the
toxicity of trace metals to larval white perch and found fish to be more sensitive to copper (96h
TL50 = 6.2 mgL-1) than nickel (96h TL50 = 13.6 mgL-1) or zinc (96h TL50 = 14.3 mgL-1).
A review of acute fish mortality events investigated by the Maryland Department of the
Environment (MDE), Fish-Kill Investigation Section, indicates that most acute mortality events
of fish are not directly caused by pollution. Since 1984, 8% of investigated fish mortality events
were attributed to chemical pollution including discharges of sewage, chlorinated water,
pesticides and petroleum products, while the proximate cause of most events (41%) were
associated with abrupt changes in water chemistry, primarily hypoxia (MDE 2018b). However,
pollution is ultimately linked to a rise in hypoxia-driven events from nitrate contamination and
eutrophication and is likely an ultimate factor in additional fish kills (Hagy et al. 2004, Kemp et
al. 2005). While white perch generally account for a low proportion of fish killed in acute events
annually, there were at least 3 notable large-scale events. A mass mortality of white perch,
which occurred in the Potomac estuary and other areas of the Bay in 1963 (Sindermann 1966),
was attributed to a bacterial disease (Snieszko et al. 1964). The pathogen implicated in the white

18

perch epizootic was described as Pasteurella piscicida n. sp. (Janssen & Surgalla 1968), but was
later reclassified as Photobacterium damsellae subspecies piscicida (Gauthier et al. 1995). The
Photobacterium epizootic in 1963 resulted in a precipitous decline in the white perch population
locally (Sindermann 1966), which recovered within 2 years (Bonzek & Jones 1984). In 1975, a
major die-off of white perch occurred in the James River, Virginia, which also resulted in drastic
reductions in the population, but a definitive cause was not identified (St. Pierre & Hoagman
1975), although Photobacterium sp was suspected. Another notable acute mortality event of
white perch occurred in 2004, north of Kent Island in Maryland’s upper Bay (Luckett 2005). An
estimate of more than 100,000 white perch died during May and June from an outbreak of Vibrio
anguillarum (Luckett 2005, Matsche unpublished data). Eighty percent of fish examined had
signs of chronic disease including eroded and hemorrhagic fins, ulcers, corneal lesions,
exophthalmia, and bleeding and evulsion of tissue surrounding the eyes (Matsche unpublished
data). White perch may be asymptomatic carriers of Photobacterium spp, Vibrio spp,
Mycobacterium spp and a variety of other bacterial species (Allen & Pelczar 1967, Baya and
Matsche unpublished data), and mycobacterial disease is present in multiple sub-populations
(Stine et al. 2010, Matsche unpublished data). It is often not known what factors trigger disease
in fish populations, but environmental stressors usually coincide with outbreaks (Snieszko 1974),
and chronic contaminant exposure may increase susceptibility of fish to infectious disease (Bols
et al. 2001). Since 1984, disease has been implicated in 6.8% of acute fish mortality events in
Maryland (MDE 2018b), but this estimate may not be accurate because MDE does not confirm
the pathogenicity (Koch’s postulates) of bacteria or other microorganisms when recovered from
fish and pathogens are not always looked for or are recoverable in other fish kill investigations.
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White perch accumulate a variety of contaminants in tissues including methylmercury
and PCBs. Inputs of mercury to aquatic systems are from atmospheric deposition from point
sources (Mason et al. 1997, Mason et al. 2000). Fish bio-accumulate mercury, primarily in the
form of methylmercury, which can magnify in the food web from consumption of contaminated
prey items (Rodgers 1994). Population growth and urbanization have resulted in increased
mercury in Chesapeake Bay (Mason & Lawrence 1999, Mason et al. 1999). Methylmercury
concentrations in white perch were 2-104 ppb or 28% of total tissue mercury, and were generally
higher in the Choptank River compared to the Severn or other western shore River (Gilmour &
Riedel 2000, Mason et al. 2006). Methylmercury concentrations in white perch from southern
Chesapeake Bay tributaries were comparable (83.5 ppb) but the percentage as methylmercury
was higher (76%) (Xu et al. 2013). Polychlorinated biphenyls (PCBs) are a group of
organochlorines that were widely used in commercial and industrial applications between the
1920s and 1970s. These compounds were recognized as hazardous to human health and
production was banned in 1979 (Kimbrough 1995). However, PCBs still enter the Chesapeake
Bay from illegal dumping, improper disposal, accidental leaks, and atmospheric deposition, or
are released as buried contaminated sediments are disturbed from dredging or other activities
(Ashley & Baker 1999, Foster et al. 2000, Brunciak et al. 2001, Ko & Baker 2004). Mean tissue
concentrations of PCBs reported from white perch varied depending on proximity to
industrialized areas and extent of shoreline development (King et al. 2004). Concentrations of
PCBs were low in eastern shore tributaries, including the Choptank River (38.2 ppb), Wye River
(23.6 ppb), and Southeast River (8.3 ppb), but were significantly higher in perch from tributaries
in Baltimore or Anne Arundel Counties, including Severn River (96.6 ppb), Patapsco River
(623.9 ppb), Back River (310.2 ppb) and Bird River (101.3 ppb) (Eisenberg et al. 1980,
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Eisenberg & Topping 1985, King et al. 2004). Higher concentrations have been reported from
more heavily contaminated water bodies including Lake Ontario (4.1 ppm PCBs, Eisenberg &
Topping 1985), St. Lawrence River (5.0 ppm PCBs, Eisenberg & Topping 1985), and Hudson
River (> 50 ppm in 1970s declining to < 1 ppm by 2008, Barnthouse et al. 2009). Elevated
tissue concentrations of PCBs in the gonads (Eisenberg et al. 1980) may affect reproductive
functions in white perch or other fish species (Monosson et al. 1994, Monosson 2000, Kavanagh
et al. 2004), but there is little data from white perch and long-term impacts on wild populations
will be difficult to determine (Barnthouse et al. 2009).
White perch and other fish species have been monitored for methylmercury and PCBs
since the early 1970s as consumption of contaminated fish may pose a human health risk (EPA
2000). Thresholds were established for tissue mercury, PCBs, pesticide residues and other
chemicals as guidance for recommended consumption limits of contaminated fish (EPA 2000).
White perch are sampled about every 5 years from diverse localities around Maryland’s
Chesapeake Bay by MDE (MDE 2009). Consumption advisories are posted for white perch
from a number of tributaries and main stem of the Bay based on elevated tissue concentrations of
PCBs (MDE 2018a). In general, highest PCBs are found in fish in close proximity to
industrialized areas of Baltimore county and Washington D.C. (Potomac River, Patapsco River,
Middle River, Mid Bay) with tissue concentrations exceeding a threshold (340 ppb) determined
to be unsafe for any consumption (MDE 2018a). White perch from eastern shore tributaries such
as Choptank, Chester, and Miles Rivers generally have low tissue PCB concentrations (<21 ppb)
with no recommended consumption restrictions. Concentrations of PCBs in fish from eastern
shore tributaries such as Severn, Magothy, and South Rivers are typically moderate (>42 ng/g),
exceeding advisory thresholds for limited monthly consumption (MDE 2018a).
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Studies of trace metal accumulations indicate that white perch from Chesapeake Bay
store an unusual high concentration of copper in the liver. As part of a series of toxicity studies
conducted by researchers from Chesapeake Biological Laboratory, University of Maryland,
highly elevated copper concentrations (933-2,840 ppm) were reported from the liver of white
perch, but those findings were not discussed (Morgan et al. 1973). Later, Andersen et al. (1986)
investigated metal binding proteins in the livers of white perch, striped bass and channel catfish
to determine sensitivities to trace metal exposures. White perch livers contained 100 to 1,000
times more stored copper and at least 10-fold higher metal binding proteins compared to striped
bass and catfish, and the authors speculated on potential mechanisms to account for differences
among fish species (Andersen et al. 1986). This discovery led to more detailed studies that
indicated an age-related progressive accumulation of copper in the liver of white perch, with
concentrations often exceeding 1,000 ppm (Bunton et al. 1987, Bunton & Frazier 1994). Copper
is sequestered primarily into pericanilicular lysosomes where it is bound to either non-specific
high molecular weight proteins or metallothionein (Bunton & Frazier 1989). While lysosomal
storage of copper is usually cytoprotective, signs of cytotoxicity to elevated copper
concentrations were noted in white perch livers including foci of cytoplasmic degradation and
fatty change within lipolysosomes (Bunton & Frazier 1989). Regenerating hepatocytes or
progressive and neoplastic lesions exhibiting new growth exclude copper (May et al. 1987,
Bunton 1995), likely because of the extended time required for sequestration. Orcein or Timm’s
method are histological stains for copper that are sensitive to a wide range of concentrations in
tissues, while rubeanic acid and rhodamine are useful for moderate to high tissue copper
concentrations (Bunton 1990, Pilloni et al. 1998). Abnormal hepatic copper accumulation in
white perch seems to be a Bay wide phenomenon as concentrations are elevated in fish from
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widely separated sub-populations (St. Pierre & Hoagman 1975). In contrast, hepatic copper
concentrations in white perch from outside Chesapeake Bay watershed (Hackensack
meadowlands, New Jersey) were only 2.5 ppm (Weis & Ashley 2007).

Hepatic and biliary alterations or disease
Limited surveys of white perch were conducted in Chesapeake Bay during the 1980s in
response to reports of abnormal hepatic copper accumulations and as a comparison to striped
bass, which were in a stock decline during this decade. Researchers noted multiple hepatic and
biliary lesions, including neoplasms, indicating that white perch are sensitive to the
anthropogenic-induced deterioration of aquatic habitat in Chesapeake Bay. Bunton et al (1987)
noted a progressive increase in hepatic copper with age of fish, from a mean of 45 ppm in age-1
fish to a mean of 915 ppm in age-5 fish, with concentrations exceeding 1,000 ppm in some
individual fish. Periportal macrophage aggregates and inflammatory cells and bile duct
hyperplasia were evident in the livers of fish ages 1-2, while an increase in hepatocellular
granules and peribiliary fibrosis, disruptions to the hepatocellular architecture, and a marked
increase in bile duct hyperplasia were evident in older fish (Bunton et al. 1987). Two of the 21
white perch examined had cholangiomas, which were described as superficial tumors located
near the periphery of the liver and were visible grossly as 0.5 cm, slightly raised masses (Bunton
& Baksi 1988). Both tumors were well demarcated and consisted of proliferations of biliary
epithelial cells in a closely spaced tubuloglandular arrangement separated by a fine fibrovascular stroma (Bunton & Baksi 1988). Rodlet cells were prominent in normal biliary
epithelium, but were absent in the cholangiomas (Bunton & Baksi 1988), and hyperplastic and
neoplastic tissues excluded copper (Bunton 1995).
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A larger survey of white perch was conducted by Maryland DNR during July-October,
1982-1984. The livers were examined from a total of 254 adult fish that were collected from 15
sub-estuaries throughout Chesapeake Bay (May et al. 1987). May et al. (1987) reported bile duct
hyperplasia in 30-40%, cholangiomas in 10%, and hepatocellular adenomas in 5% of these fish.
Cholangiomas were distinguished from bile duct hyperplasia by the greater size of lesion,
increased nuclear atypia, and irregular ductal arrangement (May et al. 1987). Hepatocellular
lesions included clear-cell and basophilic foci of cellular alteration, and adenomas that were
characterized as clear-cell or basophilic neoplasms (May et al. 1987). Clear-cell adenomas were
composed of enlarged, rounded cells with rare nuclear atypia, while basophilic adenomas
contained small cells with varying degrees of nuclear atypia and occasional mitotic figures (May
et al. 1987). The cholangiomas and clear-cell hepatocellular adenomas were well demarcated
with distinct margins (May et al. 1987, Bunton & Baksi 1988), but the basophilic adenomas were
less well demarcated and with irregular borders, which suggested local invasion to May et al
(1987). Atypical vacuolated hepatic cell lesions, similar to lesions observed in winter flounder
Pseudopleuronectes americanus from Boston Harbor with epizootic hepatic carcinomas
(Murchelano & Wolke 1991), were reported from white perch collected from a coastal salt pond
in Rhode Island (Camus & Wolke 1991), but have not been reported from Chesapeake Bay fish.
Biliary lesions that were generally similar to those described by Bunton et al. (1987),
Bunton and Baski (1988), and May et al. (1987), were observed in white perch collected for a
recent health survey of the Choptank River (2015-2018, Matsche unpublished data). The most
common biliary lesions were periductal inflammation, necrosis and bile duct hyperplasia, while
cholangiomas were less common. Cholangiocarcinomas were not reported from white perch in
prior studies, but were observed in few fish in the recent health survey (Matsche unpublished
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data). Cholangiomas consisted of well-differentiated biliary epithelium that was encapsulated in
a thin connective tissue layer, while cholangiocarcinomas were poorly differentiated, had
indistinct margins with no connective tissue encapsulation, and had invaded local hepatic
parenchyma. The morphology of biliary lesions described from white perch is generally
consistent with similar lesions reported from other fish species (Boorman et al. 1997, Blazer et
al. 2006).
Fish examined by Bunton et al (1987) were collected from multiple eastern shore
tributaries (Bush, Rhode, and Magothy Rivers) and a single western shore tributary (Wye River).
However, the small sample size (n=21) likely precluded any spatial analysis of lesions. May et
al. (1987) examined more fish (n=254), but only listed fish collection locations as “15 estuarine
tributaries” and made no mention of any spatial analysis. Recent health surveys of white perch
were restricted to the Choptank River (Matsche unpublished data).

Conclusion
A partial migration strategy, tolerance of salinity <15 ppt, relatively small home range,
and other factors determine the distribution and movement patterns of white perch in Chesapeake
Bay. Fish are most abundant in the low saline upper Bay with a large proportion of freshwater
contingents that occupy the tributaries and the main stem at the head of the Bay. Increasing
salinity southward deters fish from utilizing the Bay main stem and moving between neighboring
tributaries. The effectiveness of salinity as a barrier to fish emigrating from tributaries increases
southward, such that population mixing is greatly reduced, although periods of reduced salinity
from weather events can temporarily reduce this barrier. Over time, isolated sub-populations in
the mid to lower Bay tributaries separated into genetically distinct stocks (James, York, Potomac,
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and possibly the Patuxent Rivers). The migration circuit of estuarine contingents is generally
completed entirely within a tributary and tagging data suggests a limited home range and
minimal emigration from sub-estuaries, which further reinforces sub-population segregation.
Eastern shore tributaries (Choptank and Nanticoke Rivers) have not diverged genetically from
upper Bay fish, but tagging and meristic data indicate low population mixing rates among these
sub-populations. The distribution and general segregation of white perch sub-populations with
limited mixing may be a useful feature of this species for comparative studies of land use
activities or anthropogenic stressors throughout Chesapeake Bay. Limited data collected so far
indicates that white perch are sensitive to a variety of stressors, and that tissue contaminant
concentrations strongly correlated with environmental concentrations reflecting regional
differences in land use activities. A relatively high incidence of pathological changes in the liver
and bile ducts of white perch may indicate sensitivity to habitat degradation or contamination.
However, newly discovered parasites from the biliary system of these fish may be a factor in
inducing hepatic or biliary disease. While links have been made between watershed
development and tissue contaminant concentrations and fish abundance, there is no information,
to the best of this author’s knowledge, linking land use patterns or contaminants to disease in
white perch. This may be important as recent studies have linked shoreline development with
localized declines in white perch populations.

Research goals
The goals of this study are to evaluate hepatic and biliary disease in white perch as an
indicator of contaminant exposure and land-use patterns in an urban dominated tributary (Severn
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River) and an agricultural dominated tributary (Choptank) of Chesapeake Bay. Multiple surveys
or studies were conducted to:
1) Describe the coccidium Goussia bayae n. sp. from the gallbladder and bile ducts of
fish;
2) Describe the seasonal development of G. bayae, and biliary lesions in fish;
3) Describe a myxozoan parasite Myxidium murchelanoi n. sp. that infects the common
and intrahepatic bile ducts (plasmodia) and gallbladder (myxospores) of white perch;
4) Compare and assess different approaches to quantify macrophage aggregates in the
spleen of fish;
5) Conduct a collaborative fish health and contaminant study of fish from Severn and
Choptank Rivers with the goals of:
a. Characterize water-borne contaminants during in tributaries using passive
contaminant samplers and PAH metabolites in the bile of fish by high
performance liquid chromatography fluorescence detection;
b. Describe notable hepatocellular and biliary lesions in the livers of fish,
including proliferative, degenerative, and neoplastic alterations, and determine
the prevalence of bile duct parasites;
c. Evaluate statistical associations between the lesions, parasites and
contaminants or land-use patterns, and;
d. Evaluate macrophage aggregates in the spleen and liver of fish as indicators of
various stressors.
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Chapter Two: NEWLY DESCRIBED COCCIDIA GOUSSIA BAYAE FROM WHITE
PERCH MORONE AMERICANA: MORPHOLOGY AND PHYLOGENETICS SUPPORT
EMERGING TAXONOMY OF GOUSSIA WITHIN PISCINE HOSTS

Abstract
In March and April, 2016, 150 white perch were collected from various localities in
Chesapeake Bay and examined for coccidia. A previously undescribed species of coccidia was
observed in the hepatic bile ducts and gallbladder of all white perch (100%) examined. We
describe this species using morphological characteristics, histology and gene sequences of the
small-subunit (SSU) rDNA, large-subunit (LSU) rDNA, and mitochondrial genes: cytochrome
oxidase 1 (COI), cytochrome oxidase b (Cytb), and cytochrome oxidase 3 (COIII). Oocysts of
Goussia bayae n. sp. were subspherical with a single-layered smooth wall and measured (L x W)
26.2 x 21.8 μm, with a L/W ratio of 1.2. A micropyle was present but a micropyle cap, polar
granules and oocyst residuum were absent. Each oocyst contained 4 sporocysts, which were
ellipsoidal and measured (L x W) 12.6 x 7.8 μm, with a L/W ratio of 1.6. A pair of sporozoites
was present, but sporocysts lacked a Stieda body and residuua. Meronts and gamonts were
epicellular in biliary epithelial cells and oocysts were coelozoic in hepatic and common bile
ducts and gallbladder. This is the first report of Goussia spp. from white perch and the first
mitochondrial DNA sequence reported from a Goussia species. Phylogenetic analysis indicates
basal placement of Goussia bayae to Eimeriidae, Choleoeimeria, and Sarcocystidae.
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INTRODUCTION
The native range of white perch, Morone americana, is within the Atlantic slope
drainages from Nova Scotia, Canada, to the Pee Dee River, South Carolina, but introductions
have resulted in the spread of this species to the Great Lakes and their surrounding states (Fuller
et al., 2018). White perch are widespread throughout fresh and brackish reaches of most
Chesapeake Bay tributaries and are semi-anadromous; spawning occurs in tidal freshwater and
freshwater reaches of the tributary followed by downstream movement into the estuary, although
a contingent of fish may remain in freshwater (Mansueti, 1961; Kraus and Secor, 2004).
A variety of parasites were reported from white perch in the Chesapeake Bay region
including Kudoa sp. (myxosporea, multivalvulida) (Bunton and Poynton, 1991), nematodes
(multiple species), trematodes (multiple species), an unidentified cestode and acanthocephalan,
and the crustacean isopod, Livoneca ovalis (Beacham and Haley, 1976), but no coccidia have
previously been reported to the best of our knowledge. Two species of coccidia, Emeiria
glenorensis and E. moronei, were described from the intestine of white perch from the Bay of
Quinte, Lake Ontario (Molnar and Fernando, 1974), but no species of Goussia have been
described from white perch.
The majority of piscine coccidia have been classified within the genus Eimeria (Dykova
and Lom, 1981; Molnár, 2006). Historically, Goussia has been studied less intensively, likely
because members of Goussia primarily parasitize fish, while members of the genus Eimeria
parasitize a broader range of animals including mammals and birds and can cause diseases in
humans and livestock. Prior to the development of molecular phylogenetic tools, common
morphological characteristics of Emeriid coccidia (tetrasporocystic, dizoic) made taxonomy
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difficult and many species were lumped into Eimeria (Pellérdy, 1966). Some authors regarded
Goussia as a synonym of Eimeria (Upton, 2000; Perkins et al., 2002), while other authors
maintained the distinction between Eimeriid genera based on multiple factors such as mode of
infection and pathogenicity and morphological features (Dykova and Lom, 1981). Although
Goussia has received increased attention recently, genetic sequences of relative few Goussia spp.
have been reported limiting taxonomic investigations. Molecular phylogeny studies confirm
Goussia as a distinct genus from Eimeria (Jirků et al., 2002; Székely et al., 2013; Dogga et al.,
2015; Lovy and Friend, 2015; Rosenthal et al., 2016). Goussia is distinguished morphologically
from Eimeria by the mechanism of sporozoite release from the sporocyst. Sporocysts of Goussia
are bivalved with a longitudinal suture line, while eimerians possess a Stieda body in the polar
region of the sporocyst, through which sporozoites are released (Molnár, 2006).
Recognition of the diversity and taxonomic placement of Goussia among the
Apicomplexans is a relatively recent phenomenon (Rosenthal et al. 2016; Xavier et al. 2018a).
Rosenthal et al. (2016) identified 4 distinct groups of Goussia using 18S rDNA and
developmental patterns: dispersed species that developed throughout the intestine and year,
nodular species that developed in select portions of the intestine seasonally, epicellular species
that develop seasonally in the intestine, and the leucisci type (G. leucisci) that causes infections
in the renal tubules. Herein we describe a new coccidian species, the first reported Goussia spp,
from white perch and the first species of Goussia aligned within the epicellular group sensu
Rosenthal (2016) that infects the gallbladder and bile ducts.
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MATERIALS AND METHODS
From March-April of 2016, 30 mature white perch (15 males and 15 females) were
collected from fyke nets set in fish spawning areas in each of the Potomac, Patuxent,
Susquehanna, Choptank and Nanticoke Rivers. The fish were euthanized by submersion in a
lethal dose of tricaine methanesulfonate (MS-222, Argent Finquel®, Redmond, Washington),
packed in wet ice and transported to the Cooperative Oxford Laboratory for necropsy. Liver and
gallbladder were removed; gallbladder bile was drained into a micro-centrifuge tube, and
allowed to settle for 30 min at room temperature. A drop of bile from each specimen was placed
on a glass slide and examined using Nomarski differential interference contrast (DIC)
microscopy with an Olympus BX50 microscope (Olympus America Inc., Waltham
Massachusetts). Measurements and images were taken on 50 fresh sporulated oocysts using
calibrated CellSens Dimension image analysis software and a DP25 digital camera (Olympus
America Inc.). Descriptions of oocysts follow the guidelines of Duszynski and Wilber (1997).
All measurements are reported in µm unless otherwise noted. Liver, gallbladder and
gastrointestinal tissues were fixed for at least 48 hr in 10% neutral buffered formalin, processed
for routine paraffin infiltration, sectioned at 5 μm, and stained with hematoxylin and eosin
(Presnell and Schreibman, 1997). Fish handling was conducted in accordance with the Leetown
Science Center’s Institutional Animal Care and Use guidelines.
Bile specimens were processed on the same day of collection for genomic DNA
extraction using the DNeasy® tissue kit (Qiagen Inc., Valencia, California) according to the
recommended protocols of the manufacturer. Extracted DNA was stored at -20 C prior to
analysis. DNA was quantified using the Qubit 2.0 Fluorometer with the Qubit dsDNA HS Assay
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Kit (Invitrogen, Carlsbad, California). DNA samples selected for Illumina metagenomic
sequencing were a sample from the Potomac River (7.75ng/μl) and a sample from the Choptank
River (<0.5ng/ul). Illumina sequencing libraries were prepared using the Kapa HyperPlus
Library Prep Kit (Roche, Basel, Switzerland) following the manufacturer’s instructions. Final
libraries were analyzed for size and quality using the Agilent BioAnalyzer with the
accompanying High Sensitivity DNA Kit (Agilent, Santa Clara, California). Libraries were
quantified using the KAPA Library Quantification Kit for Illumina (Roche), and normalized to
4nM using 10 mM Tris, pH 8.5. Normalized and diluted libraries were pooled such that the
Choptank:Potomac sample ratio was 3:1. The pooled library was run 150 cycles on the Illumina
MiSeq (Illumina, San Diego, California) at a concentration of 10 pM with 5% PhiX control.
Resulting reads (Choptank: 8,286,972; Potomac reads 3,090,374) were mapped to the
Perca flavescens mitochondrial genome (NC_019572), to identify host sequences, with 90% of
the read length required to map with 90% similarity. Unmapped reads were subject to de novo
assembly using automatic word and bubble length in CLC Genomics Workbench v.8 (Qiagen).
Contigs included a nearly complete 18S rDNA sequence from both samples and the partial 28S
sequence from the Choptank sample. Additionally, a contig containing cytochrome oxidase 1
(COI) was identified in both samples.
We manually extended the 18S, 28S, and COI contigs by adding N characters to each end
(https://secure.clcbio.com/helpspot/index.php?pg=kb.page&id=107), and re-running the mapping
with a stringency of 65% of the read length matching 90% of the reference. Where there was
only one optional extension of sequence, reads were extended, and the process repeated. For 18S,
we recovered 1,811 bp and for 28S, we recovered 3,480 bp. The contig containing COI was
extended until both ends of the contig shared 250 bp of identical sequence. The contig was
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trimmed to contain only 1 copy of the identical sequence on the ends, indicating the end of
unique mitochondrial genome sequence, which may be circular or a concatamer. Mapped reads
were extracted and assembled to confirm a putative mitochondrial genome Choptank (6,602 bp)
that included the genes COI, cytochrome oxidase b (Cytb), and cytochrome oxidase 3 (COIII).
Reads that had not mapped to the Perca flavescens mitochondrial genome were mapped back to
assembled contigs with 80% length and 90% similarity and a double pass local realignment was
done. For the Choptank mitochondrial genome, 49,082 of 7,524,108 reads mapped, providing a
minimum of 118x coverage, a maximum of 1,576x, and average of 1,023x. A consensus
sequence was extracted using a 0.5 noise threshold and a minimum nucleotide count of 2. The
18S, 28S and mitochondrial gene sequences are deposited in GenBank under accession numbers
(18S Potomac: MH758783, 18S Choptank: MH758784#, 28S Choptank: MH758782#, and
Choptank COI MH792860, Cytb: MH792861, COIII: MH792862).
We performed phylogenetic analyses on 3 datasets: truncated 18S rDNA, partitioned 18S
rDNA and COI, and partitioned mitochondrial genes in 2 analyses, 1 with COI and Cytb and 1
with COI, Cytb, and COIII. Using only COI and Cytb allowed for inclusion of a larger set of
species for which these genes have been published. The greatest breadth of genetic data available
from Goussia species is in partial 18S rDNA sequences. Sequences of 18S rDNA from
epicellular, nodular, dispersed, and leuisci Goussia types (Rosenthal et al., 2016) were truncated
to 501 bp for analysis with several newly observed Goussia spp. from fishes (Xavier et al.,
2018a). Truncated 18S sequences were aligned using CLUSTALW (Thompson et al., 1994) in
Geneious v 9.1 (Biomatters Limited, San Francisco, California). Bayesian trees were generated
using the Kimura 2 parameter model (Kimura, 1980) with the gamma parameter in MrBayes
(Huelsenbeck and Ronquist, 2001). Near full length 18S rDNA were also aligned using
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CLUSTALW in Geneious. The COI sequences were aligned by translation using CLUSTALW
in Geneious, with minor adjustments made by hand. The near complete 18S and COI alignments
were used in a partitioned dataset with a total of 3,274 alignment positions (1,786 from 18S, and
1,488 from COI). In the partition, 18S was run under the 4x4 nucmodel, the Kimura 2 parameter
model with gamma distribution and invariable sites; COI was run under the codon model with
the General Time Reversible (GTR) model (Nei and Kumar, 2000) with the gamma distribution.
Missing data were treated as unknown. Partitioned mitochondrial genes datasets COI and Cytb
and COI, Cytb, and COIII were run as a partitioned nucleotide dataset in MrBayes with each
gene under the GTR model with gamma distribution.
Partial 18S and mitochondrial gene analyses consisted of 1,000,000 MCMC generations,
4 chains, 2 runs, and 8 swaps. The 18S with COI analyses were similar but with 30 million
generations. All trees were examined for adequate mixing and effective sample size in Tracer
v.1.6 (Rambaut et al., 2018). Trees were viewed in FigTree v.1.4.3
(http://tree.bio.ed.ac.uk/software/figtree/), and edited in Adobe Illustrator CC 2015.

DESCRIPTION
Goussia bayae n. sp.
(Figs. 1-4)
Diagnosis: Oocysts shape: subspheroidal, with a single-layered smooth wall, ~0.4-0.6
thick; oocyst length x width: 26.2 ± 2.1 SD x 21.8 ± 2.1 SD (Ranges: 22-30 x 18-25); oocyst
length/width 1.2 ± 0.05 SD (Range: 1.1-1.3) (Figs. 1,2); Micropyle present; oocyst residuum and
polar granules absent; sporocyst shape: ellipsoidal, slightly tapered on 1 end, ~12.6 ± 0.6 SD x
7.8 ± 0.8 SD (Ranges: 10-14 x 6-9), sporocyst length/width 1.6 ± 0.1 SD (Range: 1.4-1.9), with a
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smooth wall composed of 2 valves joined by a longitudinal suture; Stieda body, sub-Stieda body,
sporocyst residuum absent; excysted sporozoite shape: slightly arcuate, 1 end tapered to a point;
nuclues and refractile bodies present.
Taxonomic summary
Type host: White perch, Morone americana (Gmelin 1789) (Perciformes: Moronidae).
Other hosts: Unknown.
Site of infection: Hepatic bile ducts, common duct, and gallbladder.
Prevalence of infection: One hundred percent of 150 fish examined.
Type locality: Choptank River, Preston, Maryland (38°46'’36.0"N, 75°58'10.4"W).
Type specimens: Histological sections of infected tissues stained with H&E (USNM 1507371
and 1507381) and photosyntypes (USNM 1490787, 1490788, 1490789, and 1490790) were
deposited in the National Museum of Natural History, Smithsonian Institution.
Etymology: The specific name is in honor of colleague and mentor Ana Baya.
Remarks
Phylogenetic analyses of other Goussia spp. using partial 18S rDNA placed Goussia bayae n.
sp. in a clade of Goussia (Fig. 5), defined as epicellular (sensu (Rosenthal et al., 2016)). Goussia
bayae samples isolated from both the Choptank and Potomac were identical. The closest relative
to Goussia bayae by Bayesian analysis was Goussia sp. isolate I29 (MF468318), despite sharing
only 95.4% identity. The isolate is morphologically undescribed, but was found in the intestine
of a farmed European bass (Dicentrarchus labrax) (Xavier et al., 2018a). The next nearest
neighbors were also not fully morphologically described, but isolated from the heart and kidney
of wild caught chub mackerel Scomber japonicas (MF468319, MF468320), the spleen and
kidney of the bluestripe snapper Lutjanus kasmira (HM117907), and the liver and spleen of the
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orange goatfish Mulloidichthys pfluegeri (HM117908). Goussia bayae shared 98.3% identity
with Goussia sp. from the chub mackerel and 98.4% identity with sequences from the bluestripe
snapper and orange goatfish. Of the remaining Goussia in the epicellular clade, only Goussia
ameliae from alewives Alosa pseudoharengus has been reported from North America (Lovy and
Friend, 2015).
Goussia bayae possesses a micropyle (Figs. 1, 2) while the oocysts of all other epicellular
species compared to here lack a micropyle and are distinctly smaller. The closest in size to G.
bayae is G. ameliae (oocyst L x W: 18.6 x 14.1) from landlocked alewives and Goussia janae
(oocyst L x W: 18.1 x 12.7). However, G. ameliae has abundant sporocyst residuum and G.
janae sporocysts are longer (L: 13.5) and more slender (W: 5, L/W: 2.7) compared to the
sporocysts of G. bayae.
Goussia bayae is morphologically distinct from 2 eimerians previously reported from white
perch. Oocyst diameters of Eimeria glenorensis (12.0-10.5) and Eimeria moronei (8.0-7.2) were
markedly smaller than G. bayae and a micropyle was absent in both eimerians (Molnar and
Fernando, 1974). Also, a Stieda body was present and refractile bodies were absent in E.
glenorensi, and E. moronei sporocysts.
Histological examination of tissues indicated large numbers of coccidia in the gallbladder
(Fig. 3). Coccidian development was asynchronous and sporulation was endogenous. Meronts
and gamonts were epicellular to the biliary epithelium, while oocysts were in the lumen (Fig. 3B,
C). These stages of G. bayae were also observed in hepatic bile ducts and common duct (Fig. 4).
Meronts contained elongate merozoites that stained basophilic (Figs. 3C, 4B). Microgamonts
contained microgametocytes that were scattered throughout the cytoplasm or aligned near the
wall (Figs. 3C, 4B). Macrogamonts were larger than meronts and microgamonts, and contained a
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central eosinophilic nucleus and a course cytoplasm (Figs. 3C, 4B). Although prevalence was
100%, the severity of infection was highly variable among fish, ranging from mild to severe. In
fish with mild infections, not all intrahepatic bile duct branches contained coccidia, while duct
branches in severely infected fish were generally enlarged with numerous coccidia. Developing
stages of G. bayae were not detected in the stomach, pyloric cecae or intestine of fish. However,
bile that passed through the ductus choledochus into the intestine contained sporulated oocysts of
G. bayae.
Molecular analyses also report the first mitochondrial DNA sequence from a Goussia
species. The other evolutionarily distinct lineages of Goussia shown in Figure 5 do not yet have
mitochondrial DNA sequence available. Bayesian analyses of the combination of gene markers
18S rDNA and COI (Fig. 6), as well as of the partitioned mitochondrial genes (COI and Cytb)
(Fig. 7) definitively placed Goussia bayae basal to Choleoeimeria sp. and other Eimeria species
with 0.999 bootstrap support. The nearest neighbor by distance was Choleoeimeria sp., which is
similar in size, sporocyst, sporozoite, and excystation structures, and in biliary tissue localization
but infects reptiles (Szczepaniak et al., 2016). In comparing mitochondrial genes,
Haematozoeans Babesia, Theileria, and Plasmodium are ancestrally related to the Coccidians
(Fig. 7). Goussia bayae is sister group and basal to Eimeriidae, Choleoeimeria, and
Sarcocystidae (Fig. 7). Basal placement of Goussia bayae to Eimeriidae was also supported by
analysis of all 3 mitochondrial genes (data not shown).

DISCUSSION
The morphological features, host species, tissue specificity and phylogenetic analysis support
description of this coccidia as a new species. The absence of a Stieda body, presence of a
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micropyle, epicellular development within the biliary system and large oocyst size of Goussia
bayae are distinct from the 2 eimerians described from white perch (Molnar and Fernando, 1974)
and the few Goussia spp reported from North America (Upton et al., 1984). Bayesian analysis of
partial 18S rDNA also supports the placement of this coccidia as a new species. Although this is
the first Goussia species in a poikilotherm described to have a micropyle (Bartošová-Sojková et
al., 2015), other morphological characteristics and available sequence data support the
classification of the organism in the genus Goussia. The nearest neighbor by the truncated 18S
analysis was isolated from the intestine of a European Bass caught in Portugal (Xavier et al.,
2018a), for which morphological similarity is unknown.
Phylogenetic analysis placed G. bayae within a clade of Goussia spp. that develop
epicellularly in the intestine of fish, and highlights taxonomic distinctions between Goussia sp.
that exhibit different developmental patterns. The Bayesian phylogeny of 18S rDNA in this
study supports the distinction of Goussia clades based on developmental groups. While G.
bayae develops epicellularly in the biliary tissues rather than intestine, sporulated oocysts are
shed into the intestine.
Both phylogenetic analyses of 18S with COI and of the mitochondrial genes (COI and Cytb)
placed Goussia bayae basal to the clade containing sister clades of Eimeria, Lankestrella,
Isospora and Choleoeimeria, and the clade of Sarcocystidae. This well supported phylogenetic
relationship provides further evidence that Goussia is an ancestral sister to Eimeria, Lankestrella,
Isospora, Choleoeimeria, and Sarcocystidae, as previously proposed by 18S sequencing (Jirků et
al., 2002; Morrison, 2009; Whipps et al., 2012; Dogga et al., 2015; Rosenthal et al., 2016;
Ogedengbe et al., 2018; Xavier et al. 2018b) and by several housekeeping gene sequences
(Dogga et al., 2015). Although this ancestral placement is better supported with the addition of

51

mitochondrial genes than 18S sequence alone, a straightforward evolutionary model is still not
obvious. There is evidence of host-parasite evolution, as organisms infecting similar hosts tend
to cluster together (Whipps et al., 2012; Xavier et al., 2018a) and cluster by excystation
structures and invasion mechanism (Jirků et al., 2002; Whipps et al., 2012; Bartošová-Sojková et
al., 2015; Ogedengbe et al., 2018; Xavier et al., 2018a). While this is true, it is of note that
despite similar morphological characteristics, Choleoeimeria sp. and Goussia bayae do not
cluster together. This may be due to evolution within the host; alternatively other genetic
markers may be better suited to predicting the morphological relationships within the phylum.
Future understanding of the evolution and ancestral qualities of these Apicomplexans and proper
taxonomic assignment may rely more heavily on metabolic capabilities (Dogga et al., 2015), in
combination with genetics, morphology, host specificity, and invasion mechanism (Morrison,
2009). Furthering evolutionary understanding of these organisms may aid in understanding
pathogenicity within and possibly among hosts.
Here we were able to strengthen support of epicellular Goussia sharing a common ancestor
with the clade containing Sarcocystidae and Eimeridae, using mitochondrial genes, previously
unsequenced for Goussia. Sequences beyond 18S and from a greater number of organisms within
Apicomplexa, will continue to improve evolutionary understanding of the taxa (Morrison, 2009).
Analysis using both the COI and 18S rDNA has been used to provide higher resolution within
Eimeria species (Ogedengbe et al., 2018), and may be useful in fine tuning phylogenetic
analyses of Goussia that infect fish as more data becomes available in the future. Further
elucidation of taxonomic structure of fish infecting Goussia could be of particular evolutionary
interest given the micropyle observed in Goussia bayae, but not other Goussia, a morphological
trait observed in Plasmodium sp.
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Metagenomic sequencing allowed us to successfully work with samples for which we had a
low quantity of starting material of unknown quality. By removing host sequence
bioinformatically and starting with small fragments of loci of interest, we were able to assemble
several relevant genes. In the absence of primers or low DNA quantity, this method could be
applied broadly to other sample types and/or other loci in order to parse relevant diagnostic data.
Goussia bayae is ubiquitous among the white perch population within the upper Chesapeake
Bay. Further work is needed to determine the impact of this coccidian parasite on the fish
population, including histopathology and potential physiological disturbances from seasonal
proliferation. The geographic distribution of G bayae in the lower Bay (Virginia) and outside of
Chesapeake Bay is not known, and it is not known if other fish species are susceptible to
infection.
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Figures
Figure 1. Photomicrographs of oocysts of Goussia bayae n. sp. from the gallbladder of white
perch, Morone americana. (A) Nomarski DIC image of mature oocysts with micropyle (m) and
refractile bodies (arrow) in sporocysts. (B) Histological preparation of oocysts with sporocysts
containing paired sporozoites with densely stained nuclei (arrow).
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Figure 2. Goussia bayae n. sp. Line drawing of a sporulated oocyst.
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Figure 3. Light micrographs of coccidia of Goussia bayae n. sp. in the gallbladder of white
perch, Morone americana. (A) Severe coccidiosis in gallbladder. Note that numerous oocysts
were removed with the bile for DIC microscopy prior to histological processing. (B) Developing
stages of coccidia along epithelium (arrow) and sporulating oocysts in the lumen. (C)
Microgamont (Mi), macrogamont (Ma), and meront (Me) epicellular to biliary epithelium, with
oocysts (O) in the lumen.
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Figure 4. Light micrographs of coccidia of Goussia bayae n. sp. in hepatic bile ducts of white
perch, Morone americana. (A) Developing stages of coccidia epicelular to biliary epithelium.
(B) Microgamont (Mi), macrogamont (Ma), and meront (Me) along epithelium. (C) Longitudinal
view of bile duct with developing coccidia along epithelium (arrow) and sporulating oocysts (O)
in lumen. (D). Cross section of enlarged bile duct with numerous developing and mature
coccidia.
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Figure 5. Bayesian phylogenetic relationships of fish-infecting Goussia and Choleoeimeria spp.
based on partial 18S rDNA. Selected sequences represent different morphology types
(epicellular, leucisci, dispersed, and nodular) defined by Rosenthal et al. (2016). Hammondia
hammondi was used as an outgroup. Posterior probability is indicated at branch sites. Accession
numbers follow species names in parenthesis.
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Figure 6. Bayesian phylogenetic relationships of partitioned 18S rDNA and cytochrome oxidase
1 (COI). Posterior probability is indicated at branch sites. Toxoplasma gondii served as an
outgroup. Accession numbers follow species names in parenthesis (18S rDNA, COI).
Figure 7. Bayesian phylogenetic relationships of mitochondrial genes cytochrome oxidase 1
(COI) and cytochrome oxidase b (Cytb). Babesia microti was used as the outgroup. Accession
numbers follow species names in parenthesis.
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Figure 7. Bayesian phylogenetic relationships of mitochondrial genes cytochrome oxidase 1
(COI) and cytochrome oxidase b (Cytb). Babesia microti was used as the outgroup. Accession
numbers follow species names in parenthases.
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Chapter Three: DESCRIPTION OF MYXIDIUM MURCHELANOI N. SP., A BILIARY
MYXOZOAN IN WHITE PERCH MORONE AMERICANA FROM CHESAPEAKE BAY

Abstract: Myxidium murchelanoi n. sp. was described from white perch (Morone americana)
from the Choptank River in Maryland, a tributary of Chesapeake Bay. Trophozoite stages
consisted of plasmodia that were coelozoic in intrahepatic bile ducts and the common bile duct,
while myxospores collected within the bile of the gallbladder. The parasite description was
based on fresh spore morphology and the 18S small subunit ribosomal DNA (SSU rRNA) gene
sequence. Spores were fusiform, 13.4 ± 0.7 μm long, 7.0 ± 0.7 μm wide, and 6.2 ± 0.7 μm thick.
The surface of valves contained multiple striations that were parallel to an oblique suture line.
Polar capsules were subspheroidal, of equal size, measuring 5.0 ± 0.3 μm long and 4.6 ± 0.3 μm
wide, with foramina on opposing sides of the sutural plane. Based on phylogentitc analysis of
the SSU rRNA gene sequence, Myxidium murchelanoi n. sp. is most closely related to an
undescribed Myxidium sp. (Genbank accession number U13829) within the freshwater
gallbladder clade of myxozoans.
Recent interest in using white perch Morone americana as a bioindicator of sub-estuary
health in the Chesapeake Bay (McLaughlin et al. 2018) has revealed lesions and parasites in the
gallbladder and intrahepatic bile ducts of these fish, including the newly described coccidia
Goussia bayae and an unknown myxozoan (Matsche et al. 2019). Myxospores were evident in
fresh bile specimens and histological analyses revealed small to large plasmodia with developing
or mature spores in the common and intrahepatic bile ducts of white perch collected from the
Choptank River, Chesapeake Bay (Matsche et al. 2019). The morphology of the myxospores
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reported by Matsche et al (2019) is consistent with the genera Myxidium Bütschli 1882 and
Zschokkella Auerbach 1910 (Lom & Dykova 2006).
The taxonomy of myxozoans is largely based on spore morphology, but other features
including host, habitat, tissue tropism, and trophozoite stages may be informative in
distinguishing taxa (Lom & Arthur 1989, Lom & Dykova 2006). Morphological features of
myxospores used to distinguish species of Myxidiidae Thélohan 1892 include spore shape, shape
and orientation of the polar capsules (PC), surface features of the shell valves and features of the
suture line (Lom & Dykova 2006). However, spore morphology may be insufficient to
distinguish members of closely related genera such as Myxidium and Zschokkella (Atkinson et al.
2015). The currently recognized definitions of Myxidium and Zschokkella are listed in Lom and
Dykova (2006). Some of the character traits described in these definitions are vague or may
apply to multiple genera (Lom & Dyková 1992, Diamant et al. 1994, Heiniger & Adlard 2014,
Atkinson et al. 2015). For example, the shape of spores of Myxidium is defined as “…fusiform,
straight, or slightly crescent or even sigmoid, with more or less pointed ends”, while the shape of
spores of Zschokkella is defined as “…ellipsoidal in sutural view and slightly bent or
semicircular in valvular view, with rounded or bluntly pointed ends” (Lom & Dykova 2006).
While semicircular spores are distinct to Zschokkella, “slightly crescent” (Myxidium) and
“slightly bent” (Zschokkella) are equivocal and can describe multiple species of both genera
(Lom & Dyková 1992). Spores of Myxidium have a “suture line that bisects the spore”, but this
definition does not indicate the shape or orientation of the suture line, while criteria for the suture
line of spores of Zschokkella include “straight, curved or sinuous” paths (Lom & Dykova 2006).
The terms used to describe the PC of these genera are also vague, such as “mostly pyriform”
(Myxidium) and “almost spherical” (Zschokkella) (Lom & Dykova 2006). Many of the
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myxozoans discovered since these genera were originally proposed exhibit variation in spore and
PC shape and other features, making it difficult to apply generic definitions. Furthermore,
several species assigned to Myxidium or Zschokkella exhibit features of both genera (Hine 1975,
Gong et al. 2003, Heiniger & Adlard 2014).
Molecular phylogenetics and other information are now considered important components in
describing and differentiating species of Myxidium and Zschokkella (Atkinson et al. 2015, Fiala
et al. 2015b). The molecular phylogenies of myxozoans generally do not agree with the
traditional classification system based on spore morphology (Fiala et al. 2015b). Phylogenies
based on small subunit ribosomal RNA (SSU rRNA) have revealed 4 distinct clades each
containing members of Myxidium and Zschokkella (and other genera) based on fish habitat and
tissue tropism, including freshwater urinary, freshwater gallbladder, marine urinary, and marine
gallbladder (Fiala 2006, Fiala et al. 2015b). Discrepancies between molecular phylogenies and
the traditional classification system have been attributed to several factors including myxospore
plasticity and evolutionary convergence (Fiala et al. 2015a). Placement of newly described
myxozoans as Myxidium and Zschokkella is now dependent primarily on molecular phylogentics
(Atkinson et al. 2015). For example, several recently described species of Zschokkella from
Australian waters were assigned to the genus based on spore shape and close molecular affinity
to other Zschokkella species, even though the PC were pyriform in shape and foramina opened in
opposite directions, traits traditionally associated with Myxidium (Heiniger & Adlard 2014).
Currently, most molecular data available for myxozoans are based on nuclear ribosomal RNA,
but other molecular markers may be useful for some species once a greater range of sequences
become available (Atkinson et al. 2015).
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A review of the scientific literature indicates two reports of myxozoans infecting white
perch from Chesapeake Bay. The first report consisted of infections of a Myxobolus sp. in the
cartiledge of the gills, cranial bones and in the dorsal and anal fin rays of juvenile striped bass
Morone saxatilis and white perch in lower Chesapeake Bay (Paperna & Zwerner 1976). The
second report was of a Kudoa sp. infection in the anterior skeletal musculature and connective
tissue of the gills, pharynx, esophagus, and stomach of juvenile white perch from the Choptank
River (Bunton & Poynton 1991). Spores reported by Paperna and Zwerner (1976) and Bunton
and Poynton (1991) were clearly distinguished from those reported here by size and morphology,
tissue tropism, and vegetative stages. A broader search of the scientific literature for parasites in
white perch did not reveal any reports of myxozoans coelozoic to the gallbladder or intrahepatic
bile ducts, to the best of our knowledge. Herein we describe a new myxozoan species that
infects the common bile duct, intrahepatic bile ducts, and gallbladder of white perch using a
combination of myxospore morphology, biology and molecular phylogenetics.

MATERIALS AND METHODS
Sample collection and fish necropsies
During November-December, 2018, 80 adult white perch were collected from the Choptank
River (Preston, Maryland) using bottom trawls. The fish were euthanized by submersion in a
lethal dose of tricaine methanesulfonate (MS-222, Argent Finquel®, Redmond, Washington),
packed in wet ice and transported to the Cooperative Oxford Laboratory for necropsy. Liver and
gallbladder were removed from each fish and bile was drained from the gallbladder into a microcentrifuge tube. Livers and gallbladders were macroscopically examined for the presence of
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lesions or plasmodia. Fish handling was conducted in accordance with the US Geological
Survey Leetown Science Center’s Institutional Animal Care and Use guidelines.
Morphological and histological analyses
A drop of bile from each specimen was placed on a glass slide and examined using Nomarski
differential interference contrast (DIC) microscopy with an Olympus BX50 microscope
(Olympus America Inc., Waltham Massachusetts). Measurements and images were taken of
fresh myxospores using calibrated CellSens Dimension image analysis software and a DP25
digital camera (Olympus America Inc.). Descriptions of myxospores follow the guidelines of
Lom and Arthur (1989). All measurements are reported in µm unless otherwise noted. Additional
spores were deposited on a glass slide, air dried, and stained with diff-quick or Geimsa. Liver
and gallbladder were fixed for at least 48 hr in 10% neutral buffered formalin, processed for
routine paraffin infiltration and embedding, sectioned at 5 μm, and stained with hematoxylin and
eosin (Presnell & Schreibman 1997).
DNA sequencing and analysis
Spore-laden bile specimens were centrifuged (1000 × g) for 5 min, washed with tap water 2x,
and the supernatant discarded. The remaining pellet was air dried for 10 min and the
microcentrifuge tubes were exposed to microwave radiation for 1 min in an 800 W microwave
oven at full power to lyse myxospores. The pellet was re-suspended in 500 μl Proteinase K lysis
buffer and incubated for 4 h at 55°C with gentle agitation and DNA was extracted using the
DNeasy® Powersoil® kit (Qiagen Inc., Valencia, California) with a few modifications; after the
C1 step of 500 rpm agitation for 20 minutes, a total of 650 μl phenol:chloroform:isoamyl
alcochol (25:24:1 v/v, pH 8.0) was added to each specimen and vortexed on high for 10
minutes. The C4 step was altered using 1,050 μl, and the C6 step was altered by passing 50 μl
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through the spin filter twice. All other steps were performed according to the Qiagen protocol
using the spin column method. Extracted DNA was stored at -20℃ prior to analysis. DNA was
quantified using the Qubit 4.0 Fluorometer with the Qubit dsDNA HS Assay Kit (Invitrogen,
Carlsbad, California).
Extracted DNA was used as template in PCR with the primer set Myx440F (5’GCAAATTACCCAATCCAGACACTGG-3’) and Myx902R (5’CGTTCCATGCTATTAACATTC-3’) under the following conditions: denaturation at 95℃ for 3
min followed by 35 cycles of 95℃ for 30 s, 52℃ for 35 s, and 72℃ for 90 s. Each reaction
consisted of 12.5 µL clear Go Taq Master Mix (Promega, Madison, Wisconsin), 1.0 µL of each
primer at 10µM, and 2 µL template (approximately 12.6-15.8 ng). PCR products were analyzed
with gel electrophoresis to identify positive amplification of myxozoan DNA at the correct
molecular weight. Positive samples were cleaned with a QIAquick® PCR Purification Kit
(Qiagen Inc., Valencia, California) and used in a cycle sequencing reaction with either the
forward or reverse primer and the Applied Biosystems BigDye Terminator v3.1 Cycle
Sequencing Kit (Thermo Fisher Scientific, Waltham, Massachusetts) for 25 cycles at 96℃ for 1
min, 96℃ for 10 s, 50℃ for 5 s and 60℃ for 4 min. Reactions were cleaned with an Agencourt
CleanSEQ kit (Beckman Coulter, Brea, California) and sequenced on an ABI 3130xl Genetic
Analyzer (Applied Biosystems, Foster City, California).
Cladogram construction
Sequences were analyzed in Geneious 10.1.3 (https://www.geneious.com) and blasted in
NCBI BLASTn to determine sequence similarity to other available 18S SSU rRNA myxozoan
gene sequences. The 14 most similar sequences to M. murchelanoi n. sp. were downloaded from
the NCBI database and uploaded into Geneious. The following analyses were conducted in
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Geneious. A ClustalW alignment (with default parameters) with M. murchelanoi n. sp. 18S SSU
rRNA gene sequences was constructed to create a consensus sequence and was subsequently
aligned with the 14 most similar myxozoan sequences. This alignment was used to build a
consensus cladogram with the MrBayes 3.2.6 plugin (Huelsenbeck & Ronquist 2001). The
following parameters were selected: the substitution model was set to GTR with a gamma
distribution and Kudao thrysites (AY382607.1) as the outgroup. Chain length was set to
1,000,000 with a burn-in length of 100. The remaining parameters were kept as the default. The
consensus cladogram was edited in Dendroscope v. 3.7.2 (Huson & Scornavacca 2012).

DESCRIPTION
Myxidium murchelanoi n. sp.
(Figs. 1-4)
Diagnosis: Small to large elongate or laminar coelozoic plasmodia often folded or curled in
common and intrahepatic bile ducts, spores free within bile of gallbladder. Plasmodia with
distinct lace-like vacuolated inner endoplasm and outer homogenous ectoplasm with no
pseudopodia or connections to host biliary epithelium, but with numerous outer surface
villosities. Plasmodia polysprous with disporoblast development within pansporoblasts. Spores
fusiform in sutural and valvular view, often slightly bent in valvular view, ends generally
rounded with small pointed projections sub-terminal. Suture line oblique, bisecting the spore in
sutural view. Spore valves with multiple longitudinal striations parralel to suture. Polar capsules
subspheroidal, equal in size, tapering slightly to a sub-terminal foramen that opens through a
valve projection and are oriented towards opposite sides of the sutural plane. Polar filament
with 4-6 coils perpendicular to the long axis of the capsule. Binucleate sporoplasm fills cavity
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between polar capsules. The following measurements are provided as the mean ± SD. Spore
length (fresh) 13.4 ± 0.7, range 12.1-15.1. Width 7.0 ± 0.7, range 5.7-8.3. Thickness 6.2 ± 0.7,
range 5.0-7.3. Spore length to width ratio 1.9. Polar capsule length 5.0 ± 0.3, range 4.3-5.6.
Width 4.6 ± 0.3, range 3.9-5.0 (Table 1).
Taxonomic summary
Type host: White perch, Morone americana (Gmelin 1789) (Perciformes: Moronidae).
Other hosts: Unknown.
Site of infection: Common bile duct, intrahepatic bile ducts, and gallbladder.
Prevalence of infection: 42.5 percent (34/80).
Type locality: Choptank River, Preston, Maryland (38°46'’30.1"N, 75°58'11.2"W).
Type specimens: Syntypes consisting of unstained and diff-quick stained air-dried spores,
histological section of plasmodia in tissues stained with H&E, and photosyntypes of spores and
plasmodia were deposited in the Registry of Marine Pathology, Cooperative Oxford Laboratory,
Oxford, Maryland.
Etymology: The specific name is in honor of fish pathologist Robert A. Murchelano, National
Oceanic and Atmospheric Administration (NOAA) National Marine Fisheries Service, who may
have been the first to observe this parasite in white perch.
Remarks
Myxospores observed in this study were somewhat pleomorphic in shape but less variable in
spore length (Fig. 1A). Fresh spores were asymmetrical in valvular view; one side was convex
while the other side was concave, flat, or convex (less common), imparting either a general
fusiform or “bent” fusiform appearance (Fig. 1B-C; Fig. 2A). Spores also varied in thickness but
did not typically exhibit a bent appearance in sutural view (Figs. 1D-E; Fig. 2B). Contributing to
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the asymmetry was sub-terminal placement of projections of the valve in opposing directions in
both the valvular and sutural planes (Figs. 1B-E). As a result, the coefficient of variation (CV,
SD/mean) of width and thickness was more than 2 times greater than the CV of spore length
(Table 1). The suture line was oblique to the long-axis of the spore and was typically linear (Fig.
1E), but curved or sigmoidal forms were occasionally evident. Polar capsule shape also varied
somewhat. The majority of PCs were sub-spheroidal in shape, whereas few were distinctly
pyriform. The PC foramina were aligned with the valvular projections (Figs. 1B,D). The
binucleate sporoplasm filled the space between PC (Fig. 1B). Air-dried or fixed spores exhibited
mild to moderate distortions in shape and appearance (Fig. 3A-C). Extruded polar filaments
were most often evident in fixed and stained spores (Fig. 3A). PC were oriented towards
valvular projections (Fig. 2B) and polar filaments emerged through foramina located at the site
of projections (Fig. 3C).
Histological analysis indicated that trophozoites consisted of elongate or laminar plasmodia
within the common bile duct (Fig. 4A) and in intrahepatic bile ducts (Fig. 4B,C). Plasmodia
contained a distinct hyaline ectoplasm with numerous surface villosites and a lace-like,
vacuolated endoplasm (Fig. 4C). Pansporoblasts emerged from the inner wall of the ectoplasm
and consisted of a cluster of generative cells surrounded by pericytes (Fig. 4D and inset).
Sporogony was polysporous with disporoblastic development within pansporoblasts (Fig. 4E).
Infections within ducts ranged from a single small plasmodium to a large cluster (Figs. 4A-C).
Size of plasmodia ranged from 40 μm to more than 900 μm in length and from 10-90 μm in
thickness. Plasmodia were not attached to the duct epithelium and proliferation of single or
clusters of plasmodia often resulted in pronounced dilatation of bile ducts rather than a distension
as plasmodia were never observed in direct contact with the epithelium (Fig. 4A,C).
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Pathological lesions associated with plasmodial infections were typically mild and included
dilatation and accompanying attenuation of the epithelium and underlying connective tissue
layers (Figs. 4A,C) and hyperplastic bile ducts. The degree of dilatation and attenuation was
proportional to the amount and size of plasmodia within a duct. Chronic inflammatory infiltrates
(macrophages and lymphocytes) were seldom associated with infected bile ducts. Mature spores
were seldom seen in histological sections of gallbladder because bile was collected for Nomarski
DIC imaging or DNA extraction prior to histological processing (Fig. 4F,G). H&E staining
indicated that the sporoplasm occupied most of the space between and surrounding the PC and
that the position of the two nuclei in the sporoplasm was variable (Fig. 4G).
DNA extractions and assemblies resulted in a sequence of 466 base pairs. Phylogentic
analysis of SSU rRNA gene sequences placed Myxidium murchelanoi n. sp. with other species of
Myxidium and Zschokkella in the freshwater gallbladder clade (Fig. 5). Bayesian inference
indicated that the closest related species to Myxidium murchelanoi n. sp., according to SSU
rRNA gene sequences, was an undescribed species of Myxidium (Genbank accession number
U13829) from the mottled sculpin Cottus bairdii, a freshwater fish endemic to North America
(Table 3). No morphological information is available to compare Myxidium sp. U13829 to
Myxidium murchelanoi n. sp. Phylogenetic analysis placed Myxidium oviforme, reported from
marine species in Europe, in a sister group to Myxidium sp. U13829 and Myxidium murchelanoi
n. sp. Myxidium oviforme spores are of similar size to that of Myxidium murchelanoi n. sp.
(Table 2), but the suture of M. oviforme is linear, spores are symmetrical about the sutural axis,
and PC foramina are terminal, whereas the suture of Myxidium murchelanoi n. sp. is oblique,
spores are asymmetrical in sutural view, and PC are oriented sub-terminally. The second closest
related species was Zschokkella trachini, reported from the greater weever (Trachinus draco)

73

from marine waters in Tunisia (Table 3). Phylogenetic results placed Zschokkella trachini within
a cluster of marine species within the freshwater gallbladder clade, distinct from the cluster
containing Myxidium sp. U13829 and Myxidium murchelanoi n. sp. (Azizi et al. 2016). Spores
of Zschokkella trachini are longer (15.2 ± 0.6 μm) and wider (9.8 ± 0.7 μm) compared to spores
of Myxidium murchelanoi n. sp. (Table 2). The freshwater gallbladder clade also contains
Myxidium truttae and Zschokkella nova. Spores of Myxidium truttae and Zschokkella nova are
smaller is size compared to spores of Myxidium murchelanoi n. sp. and M. truttae spores do not
have striations on the valve surfaces (Table 2). Spores of other myxozoan species categorized
phylogenetically in the freshwater gallbladder clade were either narrower with smaller PC
(Myxidium cuneiforme, Zschokkella auratis, Z. icterica, Z. parasiluri) or wider with smaller PC
(Z. soleae) than spores of Myxidium murchelanoi n. sp. (Table 2). Spores of Zschokkella
icterica, Z. parasiluri and Z. soleae lack terminal or sub-terminal valvular projections, while
spores of Myxidium cuneiforme and Zschokkella auratus have terminal projections and PC
foramina that are oriented to the same side of the suture line. In contrast, spores of Myxidium
murchelanoi n. sp. have sub-terminal projections and PC foramina that are oriented to opposite
sides of the sutural plane.
Morphology of Myxidium murchelanoi n. sp. was also compared to species of Myxidium and
Zschokkella with no available genetic information (Table 2). Myxidium species with similar
spore dimensions to Myxidium murchelanoi n. sp. include M. cholecysticum (reported from
Astyanax scabripinnis from Brazil), M. hokiangense (reported from Tachysurus fulvidraco from
China), and M. macrocheili (reported from Catostomus macrocheilus from Montana, USA).
Zschokkella egyptica from Plotosus lineatus and Upeneus tragula from the Red Sea in Egypt,
and Zschokkella striata from Pseudogobio rivularis from the Yangtze River in China also have
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spores of similar size and general shape to that of Myxidium murchelanoi n. sp. However, spores
of these species of Myxidium (M. cholecysticum, M. hokiangense, and M. macrocheili) and
Zschokkella (Z. egyptica and Z. striata) lack the sub-terminal pointed projections on the valves
and the associated asymmetry exhibited by Myxidium murchelanoi n. sp.

DISCUSSION
Plasmodia and myxospores of this myxozoan species were first detected in 2015 in white
perch following the implementation of health examinations of this species in the Choptank and
other rivers in the Chesapeake Bay. Current survey data indicates Myxidium murchelanoi n. sp.
is present in white perch from at least 5 tributaries of Chesapeake Bay (Matsche, unpublished
data), but a regional survey to determine the distribution of this species has not been conducted.
White perch from Chesapeake Bay were also the subject of health investigations in the 1980s,
which included histological examination of liver and other tissues (Bunton et al. 1987, May et al.
1987). While an apparently novel species of Kudoa was described in muscles and other tissues
of white perch (Bunton & Poynton 1991), a myxozoan parasite infecting the biliary tissues of
this fish species was not reported, although Bunton et al. (1987) observed “…solitary,
unidentified parasites…” in the bile ducts of two white perch. We also examined tissues of
white perch collected from the Chesapeake Bay that were deposited in the Registry of Marine
Pathology, Cooperative Oxford Laboratory. While few white perch were archived, plasmodia
matching the morphological features of Myxidium murchelanoi n. sp. were found in the bile
ducts of one specimen of white perch collected in 1982 (accession #4694). Earlier studies of the
parasites of white perch in the Chesapeake Bay region found no species of Myxidium or
Zschokkella (Wass 1972, Beacham & Haley 1976, Paperna & Zwerner 1976). However, white
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perch were not the focus of the study by Paperna & Zwerner (1976) and Beacheam & Haley
(1976) only examined fish tissues for parasites with a dissecting microscope, which is
insufficient to detect Myxidium murchelanoi n. sp.
Myxidium murchelanoi n. sp. was placed within the genus Myxidium in the freshwater
gallbladder clade based on phylogenetic analysis. Spore morphology traits alone were
insufficient to distinguish between the morphologically similar genera Myxidium and
Zschokkella (Lom & Dykova 2006). Traditional myxozoan classification schemes and recent
phylogenies based on gene sequence data do not generally agree (Fiala et al. 2015b).
Phylogenetics is now essential to describe new species as Myxidium or Zschokkella (and other
genera within the family Myxidiidae Thélohan 1892) because spore characteristics, which are the
basis for current myxozoan classification, are similar and criteria distinguishing these genera are
mostly vague or equivocal (Lom & Dykova 2006, Fiala et al. 2015b). The highly polyphyletic
genera Myxidium and Zschokkella have species scattered in several distinct clades within both
the marine and freshwater myxosporean lineages (Fiala et al. 2015b). However, discrepancies
exist within these lineages. The freshwater gallbladder clade contains a distinct clustering of
Zschokkella species from marine hosts, and a mix of Myxidium and Zschokkella species from
freshwater hosts (Fiala et al. 2015b, Azizi et al. 2016). Myxidium murchelanoi n. sp. was
assigned the genus Myxidium based on the closest neighboring species, which was Myxidium sp.
(U13829).
Differences in trophozoite morphology, size and tissue tropism may be informative when
comparing phylogenetically related species (Lom & Arthur 1989). Several differences were
noted regarding plasmodia among the species of the freshwater gallbladder clade. Trophozite
stages of Myxidium murchelanoi n. sp. were not found within the gallbladder. While plasmodial
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stages of some species have been described from bile ducts (Myxidium macrocheili, Zschokkella
icterica) of their host, most are found predominantly in the gallbladder (Table 2). Myxidium
macrocheili produce plasmodia that are larger than that of Myxidium murchelanoi n. sp.
(Mitchell 1967) and the plasmodia of some species possess pseudopodia (Myxidium
cholecysticum, Myxidium macrocheili) (Mitchell 1967, Cordiero & Gioia 1990), while plasmodia
of Myxidium murchelanoi n. sp. lack pseudopodia or connections to the biliary epithelium. Most
species within the freshwater gallbladder clade have plasmodia that are distinctly smaller than
that of Myxidium murchelanoi n. sp. (Table 2). Reported sizes of plasmodia of Zschokkella
icterica in bile ducts of its host is similar to that of Myxidium murchelanoi n. sp., but small
elongate or pyriform plasmodia were described attached to the gallbladder epithelia and larger
(up to 600 μm) plasmodia were free in the gallbladder bile (Diamant & Paperna 1992).
Plasmodial infections of Myxidium murchelanoi n. sp. in intrahepatic bile ducts have been
associated with marked dilatation of ducts and cholangiolar hyperplasia, dysplasia, and neoplasia
(Matsche et al. 2019, Matsche et al. in press). Neoplasms of bile duct origin (predominantly
invasive cholangiocarcinomas) were observed in 23% of the white perch examined from the
Choptank and Severn Rivers, Chesapeake Bay, and fish age and plasmodial infections of
Myxidium murchelanoi n. sp. were identified as highly significant risk factors (Matsche et al. in
press). Given the ecological and economic importance of white perch in the Chesapeake Bay
(Setzler-Hamilton 1991), and the unique and strong association between plasmodia of Myxidium
murchelanoi n. sp. and neoplasia in white perch, future studies to document the life cycle,
geographic range, and other fish hosts are important. Furthermore, additional work is needed to
identify the factors that induce bile duct dilatation in response to plasmodial infection and to
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better characterize the role of Myxidium murchelanoi n. sp. in proliferative and neoplastic lesions
in white perch.
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Tables
Table 1. Measurements of fresh mature spores of Myxidium murchelanoi n. sp. from the
gallbladder of white perch.
Measurements (μm)

Mean ± SD

Minimum

Maximum

CV (%)

Length (n = 80)

13.4 ± 0.7

12.1

15.1

5.1

Width (n = 75)

7.0 ± 0.7

5.7

8.3

10.3

Thickness (n= 55)

6.2 ± 0.7

5.0

7.3

11.2

Length:width ratio (n=75)

1.9 ± 0.2

1.5

2.3

10.9

Length (n = 65)

5.0 ± 0.3

4.3

5.6

6.2

Width (n= 65)

4.6 ± 0.3

3.9

5.2

6.7

Spore

Polar capsules
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Table 2. Comparison of myxospores (SP) and trophozoites (TR) of Myxidium murchelanoi n. sp. with morphologically or
phylogenetically similar species. Host habitat (H) includes estuarine (E), marine (M), and freshwater (F). Measurements include
spore length (SPL), spore width (SPW), polar capsule length (PCL), and polar capsule width (PCW). Sites of infection may include
gallbladder (GB), bile ducts (BD), or were not observed (NO) in host.
Species

Host

Locality

H

SP site

SPL

SPW

Striations

PCL

PCW

Morone americana

USA

E

GB

12.1-15.1

8.3-10.3

Yes

4.3-5.6

3.9-5.2

Astyanax scabripinnis

Brazil

F

GB

12.0-15.9

6.4-9.6

Yes

3.4-5.2

3.0-4.1

Ctenopharyngodon

Japan

F

GB

13.9-16.3

3.8 - 7

Yes

4.7-5.8

3.5-4.7

Myxidium spp.
M. murchelanoi n. sp

M. cholecysticum

M. cuneiforme

idella
M. hokiangense

Tachysurus fulvidraco

China

F

GB

12.7-15.1

5.2-6.9

Yes

3.4-4.6

3.4-4.6

M. macrocheili

Catostomus

USA

F

GB

10-14.4

5.5-8.0

Yes

3.0-5.5

2.0-4.5

Northern

M

GB

11.8-16.3

7.5-9.5

Yes

4.25-5

4.25-5

F

GB

11-12

7-7.3

No

3.7

3.7

macrocheilus

M. oviforme

Gadus morhua

Europe
M. truttae

Salmo trutta

France
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Zschokkella spp.
Z. auratis

Sparus aurata

Portugal

M

GB

8.7-10.3

6.5-8.0

Yes

3.0-4.1

2.6-3.2

Z. egyptica

Plotosus lineatus

Egypt

M

GB

12.2-15.4

9.5-11.0

Yes

4.2-5.2

4.2-5.2

Siganus luridus

Israel

M

GB

8.2-12.9

5.3-6.2

Yes

2.7-3.3

2.2-2.6

Carassius carassius

Eurasia

F

GB

10

6

Yes

3.5

2.6

Parasilurus asotus

Japan

F

GB

11.94−14.0

4−6

Yes

3.7-5

3.5-4.5

Z. soleae

Solea solea

Tunisia

M

GB

13.6-14.4

10.4-11.2

Yes

3.2-4

3.2-4

Z. striata

Abbottina rivularis

Asia

F

GB

12.9-14.0

6.3-7

Yes

4.2-5.2

3.8-4.2

Z. trachini

Trachinus draco

Tunisia

M

GB

14.4-16.0

9.0-10.8

Yes

3.6-4.5

3.6-4.5

Upeneus tragula
Z. icterica

Z. nova

other cyprinids
Z. parasiluri
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Table 2 continued
Species

TR site

Sporogony

TR notes

References

BD

polysporous

Up to at 900 μm in length, distinct

This study (SP+TR)

Genbank accession

Myxidium spp.
M. murchelanoi n.
sp

ecto- and endoplasm, no
pseudopodia, not attached to
epithelium

M. cholecysticum

M. cuneiforme

GB

GB

polysporous

Mono- to
polysporous

Grossly visible, many pseudopodia,

Cordiera and Gioia 1990

distinct ecto- and endoplasm

(SP+TR)

23.2-100 x 17.4-98.5 μm, 1-3

(Fujita 1924)(Fujita 1924)(Fujita

spores, granular endoplasm

1924)(Fujita 1924)(Fujita
1924)Fujita 1924 (SP), Chen and
Ma 1998 (TR)

M. hokiangense

GB

polysporous

200 x 102.5 μm, amoeboid

Chen and Ma 1998 (SP+TR)

M. macrocheili

GB,BD

polysporous

Up to 2.5 mm, massive pseudopodia

Mitchell 1967 (SP+TR)

Distinct ecto-and endoplasm
M. oviforme

GB

monosporous

Round to oval, no pseudopodia, 10-

(Parisi 1912) (SP) MacKenzie

15 x 19-26 μm

and Kalavati 1995 (TR)
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MG554459.1, MG554461.1,
MG554462.1

M. truttae

GB

polysporous

50-60 μm, thin but distinct

Léger 1930 (SP), (Shul'man

ectoplasm, well-developed

1966) (TR)

AF201374.1, AJ582061.2

pseudopodia

Zschokkella spp.
Z. auratis

GB

polysporous

Floating free in bile, highly irregular

Rocha et al. 2013 (SP+TR)

KC849425.1, MF978273.1

membrane with glycostyles, thin
ectoplasm
Z. egyptica

GB

polysporous

Globular, no distinct ecto- and

Ali et al. 2007 (SP+TR)

endoplasm
Z. icterica

Z. nova

GB,BD

GB

polysprous

disporous

DQ333434.1

Giant TR in BD 175-645 x 125-545

Diamant and Paperna 1992

μm; small TR in GB 20-50 μm

(SP+TR)

External budding common;

Klokacewa 1914 (SP), Lom and

FJ417078.1, GU471266.1,

Up to 100 μm in length

Dyková 1992 (TR)

GU471278.1, GU471277.1,
DQ377688.1, HM037912.1,
GU471279.1, GU471276.1,
GU471275.1, DQ377690.1

Z. parasiluri

GB

di- to
polysporous

20-25 μm long, 2-4 spores, endo-

Fujita 1927 (SP) , Chen and Ma

and ectoplasm not distinct

1998 (TR)
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FJ417066.1, DQ377689.1

Z. soleae

GB

polysporous

Free in bile or attached to

Yemmen et al. 2013 (SP+TR)

JX271832.1

epithelium, 44-68 μm long
Z. striata

NO

Z. trachini

GB

Shul’man 1966 (SP)
polysporous

Attached to epithelium,
Up to 60 μm in length
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Azizi et al. 2016 (SP+TR)

KU588385.1

Table 3. Sequence identity (%) between nucleotide sequences of Myxidium murchelanoi n. sp. and 12 other closely related myxozoan

Zschokkella nova
(GU471266.1)

Zschokkella sp.
(MH425555.1)

Zschokkella compressis
(KF179058.1)

Zschokkella ohlalae
(KF179057.1)

Zschokkella sp.
(DQ333435.1)

Zschokkella jaimeae
(KF179059.1)

Zschokkella candia
(KF575323.1)

Zschokkella bicarinatis
(KF179060.1)

Zschokkella trachini
(KU588385.1)

Zschokkella auratis
(KC849425.1)

Myxidium sp.
(U13829.1)

Myxidium murchelanoi
n. sp.
Myxidium truttae
(AJ582061.2)
Zschokkella nova
(GU471266.1)
Zschokkella sp.
(MH425555.1)
Zschokkella compressis
(KF179058.1)
Zschokkella ohlalae
(KF179057.1)
Zschokkella sp.
(DQ333435.1)
Zschokkella jaimeae
(KF179059.1)
Zschokkella candia
(KF575323.1)
Zschokkella bicarinatis
(KF179060.1)
Zschokkella trachini
(KU588385.1)
Zschokkella auratis
(KC849425.1)
Myxidium sp.
(U13829.1)

Myxidium truttae
(AJ582061.2)

Species

Myxidium murchelanoi
n. sp.

species.

ID

86.62

85.02

87.26

87.26

86.62

86.84

86.84

86.41

87.26

86.84

85.99

90.21

86.62

ID

96.27

86.89

88.68

88.36

81.74

86.40

85.83

86.15

87.09

86.19

85.83

85.02

96.27

ID

87.14

87.21

87.07

87.48

86.90

85.79

86.66

86.38

86.93

86.35

87.26

86.89

87.14

ID

99.18

98.52

98.42

95.02

94.17

94.66

89.40

89.42

85.66

87.26

88.68

87.21

99.18

ID

98.86

99.11

99.06

97.57

98.80

92.67

93.05

87.45

86.62

88.36

87.07

98.52

98.86

ID

98.89

99.46

97.70

98.01

91.83

92.98

87.28

86.84

81.74

87.48

98.42

99.11

98.89

ID

82.79

82.50

82.66

78.18

80.82

77.81

86.84

86.40

86.90

95.02

99.06

99.46

82.79

ID

99.30

97.99

90.80

90.77

85.66

86.41

85.83

85.79

94.17

97.57

97.70

82.50

99.30

ID

97.87

90.54

90.12

85.37

87.26

86.15

86.66

94.66

98.80

98.01

82.66

97.99

97.87

ID

90.67

90.70

85.71

86.84

87.09

86.38

89.40

92.67

91.83

78.18

90.80

90.54

90.67

ID

93.08

87.39

85.99

86.19

86.93

89.42

93.05

92.98

80.82

90.77

90.12

90.70

93.08

ID

88.07

90.21

85.83

86.35

85.66

87.45

87.28

77.81

85.66

85.37

85.71

87.39

88.07

ID
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Figures
Figure 1. Photomicrographs of fresh myxospores of Myxidium murchelanoi n. sp. from the
gallbladder of white perch, Morone americana. (A) Myxospores in bile. (B) Spore in valvular
view with nuclei (n) in sporoplasm and terminal polar capsules (pc) containing coiled filament.
(C) Defocused spore in valvular view depicting surface striations. (D) Spore in sutural view with
sub-terminal projections (p) of the valve at the site of pc foramina. (E) Defocused spore in
sutural view depicting suture line and parallel striations.
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Figure 2. Myxidium murchelanoi n. sp. Line drawing of a myxospore. (A) Valvular view. (B)
Sutural view.
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Figure 3. Photomicrographs of myxospores of Myxidium murchelanoi n. sp. that were air-dried
and stained with diff-quick. (A) Myxospores collected from bile. (B) Spore with nucleus (n) in
sporoplasm and polar capsule (pc) with coiled filament. (C) Spore with discharged polar
filaments (f).
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Figure 4. Photomicrographs of plasmodia (*) of Myxidium murchelanoi n. sp. in white perch,
Morone americana. (A) Common bile duct. (B) Small folded plasmodia in intrahepatic bile
duct. (C) Large plasmodia in dilated intrahepatic bile duct. (D) Cross-section of plasmodia with
outer ectoplasm (Ec) containing numerous villosities (v), and inner endoplasm (En) with
pansporoblasts (p) in various stages of development. (Inset) Immature pansporoblast with
generative cells (g) surrounded by pericytes (pe). (E) Mature pansporoblast (p) with developing
spores (s). (F) Mature spores (ms) in the gallbladder adjacent to biliary epithelium (ep). (G)
Mature spore (gallbladder section) with central sporoplasm (sp) containing 2 nuclei (n) and a
polar capsule (pc) at each end.
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Figure 5. Phylogenetic tree resulting from Bayesian Inference analysis of myxozoan 18S SSU
rRNA.
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Chapter 4: Comparisons of stereological and other approaches for quantifying macrophage
aggregates in piscine spleens.

Abstract
Macrophage aggregates (MA) are focal accumulations of pigmented macrophages in the
spleen and other tissues of fish. A central role of MA is the clearance and destruction of
degenerating cells and recycling of some cellular components. MA also respond to chemical
contaminants and infectious agents, and may play a role in the adaptive immune response.
Tissue damage or physiological stress can result in increased MA accumulation. As a result, MA
may be sensitive biomarkers of environmental stress in fish. Abundance of MA in tissues has
been reported in a variety of ways, most commonly as density, mean size, and relative area, but
the utility of these estimates has not been compared. In this study, four different types of
estimates of splenic MA abundance (abundance score, density, relative area, and total volume)
were compared in two fish populations (Striped Bass Morone saxatilis and White Perch Morone
americana) with a wide range in ages. Stereological estimates of total volume indicated an
increase in MA abundance with spleen volume, which generally corresponded to fish age, and
with splenic infections (mycobacteria or trematode parasites). Abundance scores were generally
limited in ability to detect changes in MA abundance by these factors, while density estimates
were greatly influenced by changes in spleen volume. In some instances, densities declined
while total volume of MA and spleen volume increased. Experimentally induced acute stress
resulted in a decrease in spleen volume and an increase in MA density although total volume of
MA remained unchanged. Relative area estimates account for size and number of MA, but not
changes in organ volume. Total volume is an absolute measure of MA abundance irrespective of
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changes in organ volume or patterns of accumulation and may provide an improved means of
quantifying MA in the spleens of fish.

INTRODUCTION
Macrophage aggregates (MA), also known as melano-macrophage centres (MMC) and
pigmented macrophage aggregates (PMA), are clusters of macrophages containing one or more
types of endogenous pigments in the parenchymatous organs of poikilothermic vertebrates
(Agius and Roberts 2003). The principal sites and organization of MA in fish generally varies
phylogenetically. In ancestral fish such as Agnatha and Chondrichthyes, MA are diffusely
scattered primarily in the liver, while MA tend to form discrete aggregations and are often more
abundant in the spleen and kidney compared to the liver among most species of Osteichthyes
(Agius 1980). Lipofuscin and ceroid, which are derived from effete cellular products, are
generally the most common pigments within MA, and tend to accumulate with age (Blazer et al.
1987). Melanin accumulation in MA can be highly variable and the presence of iron-rich
hemosiderin pigment, particularly in splenic MA, may indicate that they act as recycling sites for
erythrocytes (Agius and Roberts 2003). In many groups of teleosts (e.g. Perciformes,
Pleuronectiformes, Scorpaeniformes), MA typically form dense nodular aggregates with a thin
argyrophilic capsule while in more ancestral fishes (e.g. Salmoniformes) MA may be smaller and
less organized (Agius 1980). Functions associated with MA include clearance or recycling of
damaged tissues (Agius and Roberts 1981), byproducts of cell degradation (Fulop and McMillan
1984), and foreign materials and pathogen degradation (Herraez and Zapata 1986, Vogelbein et
al. 1987). Increase in hepatic MA, along with increased apoptosis of hepatocytes, following
spawning in Ohrid Trout Salmo letnica may indicate a role in liver remodeling that occurs during
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the reproductive cycle (Jordanova et al. 2008). It has also been suggested that MA may function
as primitive germinal center precursors as antigen presenting cells (APC) in immune responses
(Ellis 1974, Steinel and Bolnick 2017).
Chronic stressful conditions that result in damaged tissues or increased metabolic byproducts,
such as during disease (Matsche and Grizzle 1999, Pronina et al. 2014), starvation (Mizuno et al.
2002), chronic inflammation (Vogelbein et al. 1987), toxicosis (Rabitto et al. 2005, Giari et al.
2007, Mela et al. 2007), or exposure to degraded habitats (Schlacher et al. 2007) often leads to
increased size or number (or both) of MA, and can result in changes in MA pigment content or
composition, shape and other morphometric characteristics (De Vico et al. 2008, Dabrowska et
al. 2012, Manera et al. 2018). Changes in MA can also occur seasonally (Jordanova et al. 2008).
There has been much interest in using MA as biological indicators of environmental stress in fish
(Wolke et al. 1985, Fournie et al. 2001, Hinck et al. 2008, Dabrowska et al. 2012, Iwanowicz et
al. 2012, Armero-Lituañas and Ocampo 2015).
A number of techniques have been used to quantify MA in fish tissues such as manual counts
or by delineating MA in projected images of tissues (Blazer et al. 1987), subjective evaluation
using an ordinal scale of size or abundance (Van Dyk et al. 2012), point counting methods to
detemine relative area (Jordanova et al. 2008), computerized image analysis to determine
number, size or relative area of MA in tissues based on color or contrast (Fournie et al. 2001), or
by fluorescence of sequestered metals or lipofuscin pigments (Drevnick et al. 2008, Barst et al.
2015). Extent of accumulation or activity of MA in tissues has also been quantified by
biochemical assays for the enzymes acid phosphatase (Broeg 2003) and Nacetylglucosaminidase (Ribeiro et al. 2011), and image analysis has been used to quantify
pigment content (Schwindt et al. 2006). Image analysis performed on the two-dimensional
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profiles of MA that appear in histological sections are the most commonly used methods to
quantify MA and results are typically reported as density (number of MA profiles per area of
tissue examined), size (mean area of the profile of individual MA in sections), or relative area
(percent of tissue occupied by MA). A single study reported total and relative volume of MA in
liver using stereological techniques (Jordanova et al. 2008).
The goals of this study were to estimate MA abundance by four different methods
(abundance score, density, relative area and total volume) in the spleens of Striped Bass Morone
saxatilis and White Perch Morone americana (Table 1), and to compare the utility of these
different estimates as a function of organ volume. A secondary goal was to determine the extent
of increase in spleen volume from infections of mycobacteria and trematode parasites and
decrease in spleen volume from experimental exposure to acute handling stress or hypoxia, and
to evaluate the four types of MA abundance estimates to account for organ volume differences.
This is important because the piscine spleen is a dynamic organ that can increase in size
(splenomegally) from disease and other factors, and decrease in size from exposure to hypoxia or
other stressful conditions. Abundance estimates of tissue components (e.g. MA) may be
influenced if changes in organ volume are not accounted for (Gundersen et al. 2013). A better
understanding of factors that influence changes in MA in fish and improvements in
quantification techniques may increase the usefulness of MA as a biomarker of stressful
conditions and as a potential tool to monitor fish health.
This study was conducted using fish from Chesapeake Bay, which is located in the midAtlantic coastal plain of eastern USA. Striped Bass and White Perch were selected for this study
as these species are commonly found in the Bay, specimens encompassing a broad age range are
readily available, and these species are currently the subjects of health investigations by
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Maryland Department of Natural Resources (DNR). These closely related species also exhibit
different life history strategies. Striped Bass are coastal migratory members of the temperate
bass family and can attain lengths in excess of 1500 mm, while White Perch are primarily
residents within tributaries of Chesapeake Bay and seldom exceed 350 mm. There is an ongoing
epizootic of mycobacteriosis in Striped Bass, first detected in the population in the mid 1990s,
which can result in marked increases in spleen volume (splenomegaly), extensive granulomatous
inflammation in the spleen and other organs, and other clinical signs of disease (Jacobs et al.
2009b). These wild fish populations provide an opportunity to examine patterns of MA
accumulation in a wide age range of fish sizes, ages and conditions with markedly different size
spleens. There are numerous other stressors that may affect MA accumulations in the spleen of
fish occupying Chesapeake Bay such as chemical contaminants, habitat degradation, and
elevated water temperatures, but these factors are outside the scope of the present study.

METHODS
Fish collection and necropsy.-A total of 347 Striped Bass that were < 635 mm total
length (TL) were collected by hook and line sampling or beach seine during September-October,
2015, in the Choptank River (a tributary of Chesapeake Bay, USA) (Table 2). An additional 41
Striped Bass were collected from commercial pound nets in the Nanticoke River (tributary of
Chesapeake Bay, USA) in March, 2016, to obtain larger (≥ 635 mm TL) and generally older fish
(Table 2). In August-September, 2016, 160 White Perch were collected from the Choptank
River by hook and line capture (Table 2). In October, 2015, 128 age-3 cultured Striped Bass
were obtained from the Aquaculture and Restoration Ecology Laboratory, Horn Point
Laboratory, University of Maryland (Horn Point Lab). Water temperature was measured each
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day and at each site of fish capture and from culture ponds. The cultured fish were F1 progeny
of broodfish collected from the Choptank River and raised in 1 ha outdoor ponds that were filled
with Choptank River water. Age-1 cultured fish were used for an experimental stress (hypoxia
and handling) trial and age-3 cultured fish were evaluated for MA and splenic mycobacteriosis.
Each wild fish was euthanized by cervical transection and pithing immediately after
capture and packed in wet ice for transport to the Cooperative Oxford Laboratory (Oxford,
Maryland, USA) for necropsy. Cultured age-3 fish were euthanized and necropsied at Horn
Point Lab. Total length (TL) and mass (g) were recorded and each fish was inspected for gross
lesions (internal and external). Spleens were removed whole and weighed on an analytical
balance to determine spleen somatic index (SSI), which was calculated by dividing the mass of
the spleen (g) by the mass of the fish (g) × 100. Spleens from White Perch and Striped Bass
were then placed in 10% neutral buffered formalin for preservation. A small incision was made
in each spleen with a maximum thickness greater than about 3 cm to allow formalin to fully
penetrate tissues. Otoliths were removed from all wild fish and age was determined by counting
the number of annuli (DeVries et al. 1996).
Tissue trimming and histology.-A sampling cascade was devised to section spleens
from fish according to systematic uniform random sampling (SURS; Gundersen et al. 2013).
Three different practical methods were devised to obtain sections at regular intervals along the
long axis of the spleen for tissue quantitation, based on marked differences in spleen size (Figure
1). Spleens from age-0 fish (n=68, 9.4% of fish) were small enough to be embedded whole and
step sectioned (method 1), while spleens from older fish were divided into multiple pieces before
processing and sectioning (methods 2 and 3). Preserved spleens from age-1+ fish were divided
using a custom multi-blade knife containing parallel scalpel blades (#60 size blades, Bard-
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Parker, Aspen Surgical Products, Caledonia, Michigan) with blade spacing set at 2.5 mm (Figure
2), or a similar but larger knife with blades spaced 5 mm apart. Spleens from all White Perch
and all Striped Bass from culture ponds and Choptank River, and 14 Striped Bass from the
Nanticoke River (total n=622, 86.3% of fish) were divided by method 2 (Figure 1A). The larger
custom dissecting knife (method 3) was used to divide the spleens from the remaining 31 Striped
Bass (markedly larger spleens, 4.3% of fish) from the Nanticoke River (Figure 1A). Each spleen
to be divided by methods 2 and 3 was placed on a paraffin wax cutting board, the custom knife
was oriented perpendicular to the spleen with the anterior end of the organ randomly placed
between the first and second blades of the knife (Figures 1A,2). All pieces of spleen divided by
method 2 were placed in a series of labeled tissue cassettes, maintaining the order of pieces from
anterior to posterior end (Figure 1B). Spleen pieces generated by Method 3 were aligned in
order on the wax board and the first or second piece from the anterior end was chosen randomly
(Figure 1B). Beginning with the chosen piece, every 2nd piece along length of spleen was
selected and arranged in order in a series of cassettes. Splenic tissues (methods 1-3) were then
processed for routine paraffin infiltration (Presnell and Schreibman 1997). Whole spleens
(method 1, age-0 Striped Bass) were embedded vertically in standard or deep cassettes (Figure
1C). The starting position for step sectioning (between 0 and 750 μm in depth) was determined
randomly; beginning with the starting position sections were collected at intervals of 750 μm
along the length of the spleen (Figure 1D). Method 1 resulted in a range from 5-10 sections per
age-0 fish. A single section was cut from the posterior face of each splenic piece generated by
methods 2 and 3, resulting in a total of 5-16 sections from each age-1+ Striped Bass and 5-10
sections from each White Perch spleen. Sections were cut at 5 μm with a rotary microtome and
stained with modified Ziehl–Neelsen for acid-fast bacteria (McCollough 2008). This process
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produced a series of sections spaced 750 μm apart (68 age-0 fish), 2,500 μm apart (622 fish), or
10,000 μm apart from the largest spleens (31 fish).
Formalin fixed sections of tissues with acid-fast bacteria were screened to confirm genus
Mycobacterium using a real-time PCR assay (presence/absence detection only) targeting a
genus-specific region of the ribosomal 16-23S intergenic transcribed spacer (ITS) following the
DNA extraction and cycling conditions of Jacobs et al (2009a). A total of 10 tissue blocks
containing acid-fast bacteria were selected from each fish species for PCR assay.
Subjective evaluation of tissues.- An ordinal scoring system was used to grade the
relative abundance of MA in modified Ziehl–Neelsen stained sections: 1, minimal; 2, low; 3,
moderate; and 4, high (see Figure 3 for examples). Grading categories were a subjective
assessment of the overall amount of MA in tissues. Slides were relabeled for blind evaluation
and assessed by a single rater. At least 3 sections were examined from each spleen and a single
score (SMA) was assigned to each fish. Time to assign a score was recorded.
Image analysis techniques.-Image analysis was then performed using ImageJ software
and modified Ziehl-Neelsen stained spleen sections to estimate relative area of MA. Digital
micrographs of three non-adjacent sections from each spleen were recorded using the 4x
objective lens. Almost all spleen sections from White Perch and the majority of Striped Bass
spleen sections fit within this field of view. For spleen sections that did not fit in the field of
view, 2-6 non-overlapping micrographs were recorded, which encompassed >90% of the section
area. Spleen micrographs were opened in ImageJ software, converted to 8-bit and the scale was
calibrated. The tissue section in each image was selected using the lasso tool when the tissue did
not fill the field of view and MA were segmented by applying a contrast threshold. The
threshold for MA segmentation was occasionally manually tuned by the operator and segments
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that were generated of non-MA (e.g. melanin along blood vessels) were deleted prior to
quantification. The minimum size threshold for MA was set at 50 μm2. Gaps in the interior of
MA segments (“digital holes”) that resulted from patchy pigment accumulation were included in
the measurement of MA area. Area of the tissue section and total area of MA in the section were
measured using the particle analyzer in the software and the relative area of MA in each section
was calculated. Mean relative area MA (RAMA) was calculated for each spleen. Time to
analyze six batches of 20 fish (3 White Perch and 3 Striped Bass) was recorded.
Stereological techniques.-Modified Ziehl-Neelsen stained spleen sections were analyzed
for relative area (%) of MA and granulomas (Striped Bass), or MA, granulomas, and trematode
parasites (White Perch) using a point counting method (Gundersen et al. 2013). A 10 x 10 grid
of lines was generated in CellSens software (version 1.13, Olympus America Inc., Waltham,
Massachussets) and superimposed over a live video image of tissues at a magnification of 100x
(Figure 4). Intersections of lines in the probe were considered points (100 total). Tissues were
sampled using SURS. The starting position of the probe was located outside of the tissue area
using a random number generator to determine 1 of 8 possible starting locations around the
perimeter of the tissue section. The microscope stage was then moved in increments of 1 mm in
the X and Y axes systematically so that the tissue section was scanned entirely in a series of
parallel rows or columns (Figure 1E). The 1 mm spacing and pattern of stage movements
prevented tissue areas from being probed more than once and resulted in an evenly spaced tiling
of probes over the surface of the spleen sections (Figure 1E). Each time the probe was located
over tissue a count was made of all points that were located over MA, granulomas, encysted
trematode parasites, and all points that were located over tissue. Some granulomas contained
MA; points located over these MA were included in counts of MA and for granulomas. Points
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located over lesions that occasionally surrounded granulomas including necrosis, inflammation
or edema, were included in counts of granuloma points, as these lesions have been associated
with advanced mycobacteriosis in Striped Bass (Gauthier et al. 2003). Acid-fast bacteria are not
always evident in some stages of granulomas that develop in Striped Bass with mycobacterial
infections (Gauthier et al. 2003). Therefore in this study acid-fast negative granulomas were
included in point counts in spleens with at least 1 acid-fast positive granuloma. Points located
over the cyst wall or empty space within parasite cysts were included in point counts of
trematode parasites.
Relative area for MA, granulomas and trematode parasites was calculated as the number
of points over each tissue type divided by the number of points over the tissue section x 100 and
is equivalent to relative volume. Mean relative volume (𝑉𝑉 RV) was calculated for each spleen.
The number of tissue sections probed per fish depended on the number pieces cut from each
spleen, and the number of probes per section depended on the section area so that probing was
proportional to the size of spleens.
Slides of modified Ziehl-Neelsen stained spleen sections were then digitized on a
document scanner and quantified to determine the total spleen volume using the Cavalieri
method (Gundersen et al. 2013). ImageJ software (1.47v, National Institutes of Health,
Bethesda, Maryland) was used to measure the area of each section of spleen. The digital images
were imported into the software, the scale was calibrated, and each image was converted to 8-bit.
All sections for a single spleen were selected and a digital mask of each tissue section (segment)
was created based on differences in contrast between tissue and background. The threshold
setting for segment creation rarely required manual adjustment for optimal results, but
occasionally, mesentery or other non-splenic tissues were manually deleted before quantifying
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tissues. Areas of each section were measured using the analyze particle tool in the software and
results were recorded. This process was repeated for each spleen using a macro script to increase
working efficiency. Point counts and section area measurements were performed in batches of
20 spleens and the time to perform 3 batches of White Perch tissues and 3 batches of Striped
Bass tissues was recorded.
The volume of each spleen (VSpl) was calculated as:
VSpl = ∑Ai × t
where:
∑Ai = the sum of areas of i tissue sections (μm2)
t = the distance between tissue sections (μm):
method 1, t = 750 μm
method 2, t = 2,500 μm
method 3, t = 10,000 μm

Total volume of MA (VMA), granulomas (VGran) and parasites (VPar) in each spleen was
then calculated as:

where:

VMA, Gran, or Par = 𝑉𝑉 RV × VSpl
𝑉𝑉 RV = mean relative volume (MA, granulomas, or parasites)
VSpl = volume of the organ

Counting frame for numerical density.-Counts of MA profiles in sections were done
concomitantly while probing spleen sections for point counts using the perimeter lines of the
digital reticle as a counting frame. Each time the probe was located over tissue a count was
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made of all MA within the frame. Any MA that contacted the bottom or left perimeter lines of
the probe were excluded and MA that contacted the right and top lines were included in counts.
Density of MA (DMA) in spleen sections was calculated as:
𝑃𝑃�

where:

DMA = 0.57
𝑃𝑃� = mean number of MA profiles counted

0.57 = area of counting frame (mm2)

Mean density of MA was then calculated for each spleen.
Stress trials.-On September, 2015, Age-1 cultured Striped Bass (n=45) were obtained
from a culture pond located at Horn Point Lab to test the effects of splenic contraction (acute
reduction in organ volume) on MA estimates. Cultured fish were stocked in each of three
covered fiberglass tanks (15 fish/tank) containing 1,000 L of Choptank River water using a flowthrough system with supplemental aeration (dissolved oxygen maintained above 85% saturation),
and fed daily with a commercial pellet diet during a 14 day acclimation period. On the day of
the trial, the drain to tank 1 (unstressed treatment) was closed, water flow was discontinued, and
a stock solution of metomidate hydrochloride (AquacalmTM, Syndel USA, Ferndale,
Washington) was added to the tank to achieve a final solution of 10 mg/L in static conditions.
Anesthetized fish were removed, a 1 ml blood sample was collected from the caudal vessels and
transferred to heparinized blood tubes, mass and length of each fish were recorded, and fish were
euthanized. The spleen of each fish was removed, weighed, preserved in 10% NBF, and divided
using the custom dissecting knife (method 2). The drain to tank 2 (hypoxic treatment) was then
closed, water flow and aeration were discontinued, nitrogen gas was bubbled into static water
until dissolved oxygen < 2.5 ppm, and fish were observed for 15 min. Dissolved oxygen was
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measured between 0.9 and 2.6 ppm during the 15 min observation period. Fish were
anesthetized in situ (stock metomidate solution, final concentration = 10 mg/L) and processed in
the same way as the unstressed treatment. The drain to tank 3 (handling treatment) was then
closed, water flow and aeration were discontinued, fish were chased for 5 min, suspended in nets
out of water for 5 min, placed into a water bath containing 10 mg/L metomidate (prepared from
same anesthetic stock solution used in other treatments), and processed similar to other
treatments. Water temperatures in all tanks were 18-20° C during trials. Histological slides were
prepared from spleens; MA were evaluated subjectively, VMA and DMA were determined using
the point count technique and RAMA was estimated by image analysis. Blood specimens were
centrifuged and packed cell volume (PCV) was determined by a manual reader. In this case,
PCV was used to determine if changes in spleen volume were accompanied by an increase in
PCV (possible splenic reservoir).
Statistical analysis.- Data (VSpl, DMA, RAMA, VMA, VPar, and VGran) were tested
for normal distribution (Shapiro-Wilk) and homoschedasticity (Levene’s test) (Enterprise Guide
5.1, SAS Institute Inc., Cary, North Carolina). Box-Cox power transformations were applied to
VPar, VMA and VGran data to achieve normality (Box and Cox 1964). Because MA may vary
by many factors including fish species, season and water temperature, data were analyzed
separately by location of fish capture (Choptank R, Nanticoke R, culture ponds) and fish species.
Multiple one-way ANOVA with general linear models were used to test the effects of sex, VSpl,
and infection status (mycobacteriosis for Striped Bass, and mycobacteriosis and trematode
parasites for White Perch) on DMA, RAMA, and VMA. Ordinal logistic regression was used to
test the effects of sex, VSpl, and infection status on SMA. Correlations between estimates of
MA abundance with VSpl, VPar or VGran were evaluated graphically and by Spearman
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correlation analysis. Correlations involving VPar or VGran were limited to age-3 Striped Bass
(Choptank R), ages 6-7 Striped Bass (Nanticoke R) and age-6 White Perch. ANOVA followed
by post-hoc tests were also used to test the effects of fish handling and hypoxia on VSpl, spleen
somatic index (SSI), and PCV (SAS Enterprise Guide). Sequential Bonferroni correction was
applied to each family of tests (e.g. GLM, correlation) to reduce type I errors (Rice 1989).
Accounting for age in spleen volume.-Preliminary analysis indicated significant
covariance between VSpl and fish age. Because the goal was to examine the potential effects of
spleen volume on MA estimates, VSpl was used in analyses. However, summary plots of spleen
volume and MA abundance estimates with age were also generated for comparative purposes.
Ultimately, for MA to be a useful bioindicator of stressful conditions, variability of MA
abundance with age, instead of spleen volume, would likely be more useful for fisheries
biologists and managers.

RESULTS
Mycobacteriosis was detected in the age-3 cultured fish during routine health inspections
prior to this study; fish necropsies revealed similar clinical signs of disease (mild ulcers in skin,
mild to moderate enlarged and nodular spleens), and similar splenic granulomas with acid-fast
bacteria that are present in wild Striped Bass from Chesapeake Bay (Jacobs et al. 2009b).
Wild Striped Bass collected by angling in the autumn from the Choptank River were
generally smaller and younger than fish collected by pound nets set in the Nanticoke River in
spring (Table 2). Age of Striped Bass ranged from 0-6 for angled specimens and 6-17 for
specimens collected from pound nets (Table 2). Prevalence of Striped Bass with
mycobacteriosis was 50% for Choptank River, 76% for Nanticoke R, and 48% for age-3 cultured
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fish (Table 2). Fish with mycobacteriosis had at least 1 splenic granuloma containing acid-fast
bacteria; the genus of bacteria was confirmed as Mycobacterium by real-time PCR assays in wild
and cultured fish (all samples positive). Spleens of Striped Bass with more extensive bacterial
granulomas occasionally included areas of necrosis, edema, and fibrosis (Figure 5A). Severity of
disease varied in fish from mild (lesions limited to splenic granulomas) to severe (numerous
granulomas and other lesions in greatly enlarged spleen, granulomatous inflammation in other
organs, ulcerative lesions in the skin). Skin lesions were less common in cultured age-3 fish but
appearance of lesions in diseased spleens was similar to those from wild fish. In general,
granulomas or other lesions were not evident grossly in spleens with mild forms of disease, while
spleens with moderate to severe forms of disease were often enlarged and contained moderate to
numerous gray nodules (Figure 2B).
The age range of White Perch collected from the Choptank River was 2-14 (Table 2), but
age-6 fish predominated (100 of 160 fish collected). Skin lesions other than hooking wounds
were rare in White Perch. The spleens of White Perch were occasionally granular or nodular in
texture and slightly enlarged (Figure 2c). These grossly observable lesions corresponded to the
presence of numerous encysted trematode parasites in the spleen. Trematode parasites in splenic
tissue consist of encysted metacercarial stages with a thin outer fibrous wall. Histologic
processing of tissues often resulted in a distinct space between the metacercaria and cyst wall, or
the parasite was sometimes dislodged from the cyst during sectioning leaving an empty void.
There appeared to be no or little host reaction to the encysted parasites (Figure 5B). Prevalence
of the trematode parasites in the spleen of White Perch was 30% (Table 2). Mycobacteriosis was
also detected in 14% of White Perch inspected (Table 2), which consisted of 1 or few
granulomas containing acid-fast bacteria (confirmed as Mycobacterium) in the organ
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parenchyma. The intracellular accumulation of pigments in MA are evident in modified Ziehl–
Neelsen stained tissues, and together with other cellular features, were readily distinguished from
granulomas and trematode parasites. Granulomas consisted of a central core of cellular debris
surrounded by a layer of spindle-shaped cells and an outer layer of epithelioid cells; the size and
relative thickness of these layers and amount of acid-fast bacteria varied (Gauthier et al. 2003).
The spleens of 3 fish had both mycobacteriosis and trematode parasites (1-2 granulomas and
moderate numbers of parasites).
The mean VGran ranged from 0-1,320 mm3 in Choptank River Striped Bass, 0-1,822 mm3
in Nanticoke River Striped Bass, 0-687.6 mm3 in age-3 cultured Striped Bass, and 0-8.4 mm3 in
White Perch. The mean VPar ranged from 0-33.3 mm3 in White Perch. Splenomegaly from
mycobacteriosis was indicated in cultured Striped Bass by a significant correlation between VSpl
and VGran (Table 5) and by a significant correlation between VGran and SSI (Spearman ρ = 0.4010,
P < 0.05). Among White Perch, there was a significant positive correlation between VSpl and
VPar (Table 5), but the correlation test between VPar and SSI was not significant (Spearman ρ =
0.1357, P =0.087). Correlation tests for VSpl and VGran and for VGran and SSI were not significant
(Spearman ρ < 0.1135, P > 0.05).

Abundance scores
The mean relative area of MA in sections increased with increasing SMA as determined by
subjective assessments. Mean RAMA ranged from 1.9% for SMA category 1, to 14.8% for SMA
category 4 (Figure 6). There was no significant difference between fish species in relative area
of splenic MA by SMA category (Figure 6).
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Median values of SMA categories increased with VSpl up to category 3 and then declined
slightly in category 4 in wild Striped Bass (Figures 7-8), but the differences were not significant
(Table 4). In cultured fish, the median SMA values were similar for categories 1-3 and increased
slightly in category 4 (Figure 9). There were no significant effects of VSpl or sex on SMA, but
there was a significant effect of mycobacterial infection on SMA in age-3 cultured Striped Bass
(Table 4). In White Perch, there was a significant effect of VSpl and trematode parasite infections
on SMA categories (Table 4).

Numerical density
The range in splenic DMA was 0.5-37.7 MA mm-2 in wild Striped Bass (Figures 7-8), 5.132.0 MA mm-2 in age-3 cultured Striped Bass (Figure 9), and 15.8-76.6 MA mm-2 in White
Perch (Figure 10). The lowest DMA values in wild Striped Bass (<5 MA mm-2 ) were from age-0
fish. The R2 values of DMA with VSpl fit to a quadratic curve were <0.3 for both species of fish
(Figures 7-10). There was a significant effect of VSpl on DMA in Choptank River and cultured
Striped Bass and in White Perch (Table 3). Also, mycobacterial infections had a significant
effect on DMA in cultured fish (Table 3). There was a significant positive correlation between
DMA with VSpl in Choptank River Striped Bass and a significant negative correlation in which
DMA declined with increasing VSpl in White Perch (Table 5). In White Perch, spleens with the
highest VSpl had large, highly irregular MA (largest maximum diameters of over 500 μm), and
were from the oldest fish (age > 10) (Figure 11A). The largest MA in Striped Bass had
maximum diameters < 300 μm, were also in fish > age 10, and were generally ovoid in shape
(Figure 11B).
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In wild fish of both species, DMA did not correlate significantly with VGran or VPar (Table
5), but in age-3 Striped Bass (cultured and wild) there was an inverse correlation in which DMA
declined with increasing VGran (Table 5).

Relative area
Values of RAMA ranged from 0.1-26.0% in Choptank River Striped Bass (Figure 7), 0.310.5% in Nanticoke River Striped Bass (Figure 8), 0.6-12.1% in age-3 cultured Striped Bass
(Figure 9), and 1.0-30.1% in White Perch (Figure 10). The R2 values of RAMA and VSpl values
fitted to a quadratic curve were <0.32 for all fish. There was a significant effect of
mycobacterial infection on mean RAMA in Choptank River Striped Bass, cultured Striped Bass
and White Perch (Table 3, Figures 7,9,10). Significant correlations between RAMA and VSpl were
only detected in Choptank River Striped Bass and White Perch, and there was a significant
correlation between RAMA and VPar in White Perch (Table 5).

Total volume of MA
The VMA ranged from 0.006-314 mm3 in Choptank River Striped Bass (Figure 7), 31-867
mm3 in Nanticoke River Striped Bass (Figure 8), 1.49-65.2 mm3 in age-3 cultured Striped Bass
(Figure 9), and 0.6-44.5 mm3 in White Perch (Figure 10). The R2 values of VMA and VSpl fitted to
a quadratic curve were 0.26-0.85. There were significant effects of VSpl on VMA in all fish
populations, mycobacterial infections on VMA in Choptank River and cultured Striped bass, and
splenic infections (mycobacteria and parasites) on VMA in White Perch (Table 3). Significant
positive correlations were detected in which VMA increased with both VSpl and VGran in both fish
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species, and VMA increased with increasing VPar in White Perch (Table 5). The highest values of
VMA were in the oldest age classes in all populations (Figure 12).

Stress and splenic contraction
The SSI and VSpl were significantly lower (ANOVA: SSI F = 139.9, P <0.0001; VArch F =
21.4, P <0.0001) following a 10 min period of handling stress or 15 min exposure to hypoxia,
compared to unstressed fish (Table 6). Hypoxic treatment had a significantly greater effect on
SSI (52% reduction) and VSpl (36% reduction) compared to handling stress treatment (41%
reduction in SSI, 25% reduction in VSpl). The handling stress and hypoxic treatments also
resulted in significantly elevated PCV in circulation compared to unstressed fish (ANOVA F =
73.05, P < 0.0001) (Table 6). The DMA was significantly greater in both the handling stress
treatment and hypoxic treatment compared to unstressed treatment (ANOVA F = 5.74, P =
0.0063), and RAMA was significantly higher in hypoxic treatment (ANOVA F = 5.83, P =
0.0058), but VMA and ordinal scale assessments did not differ significantly among the treatments
(VMA: ANOVA F = 0.40, P = 0.6698; Ordinal logistic regression χ2 = 2.305, P = 0.3158) (Table
6).

Efficiency of methods
Subjective evaluation was the fastest method to evaluate tissues; sections were scored for
MA abundance in < 30 seconds per fish. Image analysis was generally faster than stereological
point counting to estimate relative area of MA in tissues. Times to perform point counts ranged
from 1.6-2.4 hours per 20 fish. Analysis of those tissues using ImageJ software ranged from 0.61.2 hours, which included image captures. However, preliminary studies indicated that point
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counting was more efficient than image analysis to estimate relative areas of lesions and
parasites with modified Ziehl-Neelsen stained tissues. With this staining method, lesions and
parasites were not well differentiated from surrounding tissues (based on color or contrast
thresholds applied in software) and required extensive operator intervention to perform analyses.
Time to perform numerical density estimates was not determined as counts were made of MA
while point counting for relative area, but generally accounted for < 10% of the total time to
perform point counts.

DISCUSSION
The results of this study demonstrate a consistent, direct relationship between VMA and
VSpl among both species and fish collection sites. Spleen volumes were generally associated
with age of fish but were also influenced by splenic disease (Striped Bass) and to a lesser degree
by trematode parasite infections (White Perch), and by experimental exposure to hypoxia and
fish handling. Total volume (VMA) was a useful biomarker to detect trends and effects of
stressors on MA abundance over a wide range of VSpl in fish. In contrast, abundance scores,
density, and relative area estimates were limited in ability to detect effects of VSpl on MA
abundance. Abundance scores (ordinal grading) were useful when the range in VSpl was limited
(age-3 cultured fish) and in White Perch that had a wide range in MA abundance. Visual
inspection of MA can be rapid and easy to perform, and does not require photographic
equipment, a computer or specialized software. However, visual inspection alone cannot
account for changes in spleen volume, and might not be useful for detecting subtle changes.
Grading sections for MA abundance in this study was based on a subjective assessment rather
than quantitative criteria, which may limit the reproducibility of this approach in future studies.
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Subjective assessments may also be biased depending on magnification used (smallest MA may
be missed at low magnifications), the relative amount of pigments in MA, variation in staining
intensities among sections and other factors. Abundance scores were used to assess MA
following an oil spill (Marty et al. 1999), to evaluate potential effects from habitat degradation or
pollution (Van Dyk et al. 2012), and as a potentially useful alternative to more time-consuming
quantitative approaches (Fournie et al. 2001).
Density estimates were a poor indicator of splenic MA response overall in this study.
DMA correlated positively with VSpl among Striped Bass from the Choptank River population, but
correlated negatively with VSpl among White Perch. Declines in DMA contrasted with estimates
of VMA, which indicated that total MA abundance generally increased with increasing VSpl
among both fish species. It is unlikely that declines in DMA indicate a decline in MA abundance
because VMA increased over comparable ranges of data. It is possible that MA responded in
these fish by forming fewer but larger aggregations (for example see Kranz 1989). A tendency
for MA to coalesce into fewer but larger aggregations may result in a decrease in density
estimates, even if the total abundance of MA is increasing. It is also possible that declines in
DMA reflect a proportionally greater increase in VSpl compared to VMA. Density estimates are
ratio estimators in that the objects of interest are related to the surrounding tissues (reference
volume) only on a local basis (i.e. within the reference frame). Increases in the reference volume
with no or slight changes in the number of objects may result in a decrease in object density as a
result of a “dilution effect”. The converse, a “concentration effect” may occur if the reference
volume decreases and the number of objects remain unchanged. In this study, the acute decrease
in VSpl and increase in PCV in response to hypoxia and stressful handling was consistent with a
stress-mediated splenic contraction as reported in other fish species (Pearson et al. 1992). The
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use of ratio estimators, such as DMA, may result in a type I error (“false positive”) if tissue
changes are limited to the reference volume, or a type II error (“false negative”) if there are
comparable changes in both the tissue of interest and the reference volume (Gundersen et al.
2013). Global estimates, such as VMA, provide an absolute measure of MA abundance, account
for changes in the reference volume, and are not influenced by pattern of accumulation. While
there are a number of studies in which density of MA in fish was a useful indicator of exposure
to degraded habitat or disease (Agius 1979, Couillard and Hodson 1996, Meinelt et al. 1997,
Fournie et al. 2001), other studies found MA density estimates to be equivocal (Kranz 1989,
Pulsford et al. 1992, Couillard and Hodson 1996).
The utility of relative area estimates of MA (RAMA) was similar to DMA in that RAMA is a
ratio based estimator of MA within sections, and may be influenced by differences in VSpl. In
contrast to DMA, estimates of RAMA are not influenced by the pattern of MA accumulation and
therefore may more accurately reflect total abundance of MA in tissue sections compared to size
or number estimates alone. However, because estimates of RAMA do not take reference volume
into consideration, VMA was more useful to detect differences in MA abundance when ranges in
VSpl were wide or among pond cultured fish where differences in MA abundance were subtle and
accompanied by differences in VSpl. The use of semi-automated image analysis to measure
RAMA was very efficient but manually tuning settings for some fish and not others may introduce
a bias. MA were readily distinguished in sections with modified Ziehl–Neelsen staining, but
other staining or labeling techniques more specific to MA may offer improved results.
Mycobacteriosis was a significant factor in increased VSpl and VMA in Striped Bass in this
study. There is an on-going epizootic of mycobacteriosis in wild Striped Bass from Chesapeake
Bay, which can result in chronic granulomatous inflammation and extensive tissue damage in
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multiple organs, pronounced splenomegaly, reduced growth rates and reduced survival rates
compared to disease-free fish (Jacobs et al. 2009b, Hoenig et al. 2017). Inflammatory response,
tissue necrosis and disintegration of granulomas may stimulate MA formation in diseased tissues
to clear or recycle damaged tissue. Indeed, chronic infections of Mycobacterium marinum
resulted in increased MA in Medaka Oryzias latipes (Broussard and Ennis 2007), Zebrafish
Danio rerio (Swaim et al. 2006) and Striped Bass (Wolf and Smith 1999). The species of
mycobacteria in diseased fish in this study was not known. Multiple species of mycobacteria are
routinely isolated from Chesapeake Bay fish (the most common of which are Mycobacterium
shottsii and M. pseudoshottsii) and the pathogenicity of mycobacterial species in Striped Bass is
unclear at this time (Gauthier et al. 2010, Stine et al. 2010).
Although general signs of inflammation were minimal, trematode parasite infection
(metacercarial stage) in the spleen of White Perch was a significant factor in increased VSpl and
VMA in this study. An increase in MA in response to parasites in fish tissues has been reported
before (Dezfuli et al. 2013). While fish tissues with encysted trematodes may often exhibit few
or no signs of inflammation, increased thickness of fibroblastic connective tissue, leukocytes,
macrophages, MA and other cell types may increase in surrounding tissues and partially or
completely envelop trematode metacercariae (Dezfuli et al. 2005, Dezfuli et al. 2013).
Significant correlations were found between MA counts and number of trematodes Plagioporus
sinitsini, Posthodiplostomum minimum, and Diplostomum spp. in the spleen of Spottail Shiners
Notropis hudsonius (Thilakaratne et al. 2007). Increased occurrence of MA was noted in the
heart of Leopard Coralgrouper Plectropomus loepardus infected with the trematode
Pearsonellum corventum (Overstreet and Thulin 1989).

117

While splenic infections were a factor that influenced VSpl and VMA in this study, there
are other factors that likely influenced the pattern of MA accumulation in these fish. Indeed,
examination of the model coefficients (GLM) indicated that the factors included in this study
explained < 50% of the variance in VMA. Exposure to chemical contaminants such as heavy
metals (Giari et al. 2007, Mela et al. 2007, Manera et al. 2018), marine anti-fouling compounds
(Rabitto et al. 2005), pesticides (Armero-Lituañas and Ocampo 2015), wastewater (Schlacher et
al. 2007), hydrocarbons (Baršienė et al. 2006) and organochlorines (Dabrowska et al. 2012) have
been associated with increased MA abundance in fish. Tissue or environmental contaminants
were not measured in this study, but chemical contamination in fish may vary among tributaries
in Chesapeake Bay based on patterns of land use activities (King et al. 2004). It is likely that the
history of exposure to chemical contaminants, and resulting influence on MA abundance, varied
by location (pond vs River), migratory status and species (e.g. Striped Bass vs White Perch) and
fish age in this study. More detailed studies of these wild populations that include assessments
of contaminants and controlled laboratory studies would be useful to evaluate the relative
contribution of various factors on MA abundance in Chesapeake Bay populations.
Age of fish typically has a significant effect on MA abundance in tissues (Blazer et al.
1987, Schwindt et al. 2006). The length of fish (TL) can be used as a substitute for age in some
species such as Striped Bass, but not in species with slow and variable growth rates such as
White Perch. Lipofuscin and ceroid are often the primary pigments found in MA (Agius and
Roberts 2003), and have been referred to as “wear and tear” pigments as they tend to accumulate
over time from the breakdown of cell membranes and other sources of lipids as a result of
normal metabolic functions and exposure to stressful conditions (Agius and Agbede 1984).
While this study focused on effects of spleen volumes on MA abundance, fish age covaried
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significantly with VSpl, and fish age would be a more practical and familiar independent variable
among fisheries biologists that may employ these techniques to monitor populations. Studies
involving a wide age range of fish should include age as an independent variable in analysis of
MA. Sex was not a significant factor on MA abundance in this study. A number of studies
reported differences in MA abundance or pattern of accumulation by sex (Hinck et al. 2007,
Dang et al. 2019), but not in others (Brown and George 1985, Blazer et al. 1987).
This study obtained tissues and data from existing surveys of wild fish, to a large extent,
which presented a number of challenges and limitations. A number of factors related to the
collection methods and post-capture handling of fish could have influenced the results in this
study, particularly spleen volume. Different gear types (seining, hook and line capture and
pound nets) and locations were required for the range in fish sizes/ages and species targeted for
this study, and as a result, the handling conditions varied among the groups of fish collected.
Capture and handling typically activates the hypothalamo-pituitary-interrenal axis in fish,
resulting in a stress response (Wendelaar Bonga 1997). The severity of the stress response can
vary widely by fish species, life stage, method of capture, air exposure, environmental
conditions, and other factors (Wendelaar Bonga 1997). A number of adaptive tissue changes can
result as secondary responses to stressful conditions including contraction of the spleen to
mobilize RBC into circulation to increase the oxygen carrying capacity (Pearson et al. 1992,
Wendelaar Bonga 1997). For these reasons, each group of fish sampled in this study was
analyzed separately. However, while acute decreases in spleen volume from handling might bias
ratio estimators such as density, global estimates of MA might not be affected, as evidence from
this study indicated. It is advised though that capture and handling techniques should be
standardized where possible in wild fish studies to minimize potential biases.
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The three methods used to sample spleens in this study were practical adaptations to
obtain quantitative estimates of tissues from a wide range of organ sizes. Step sectioning was
necessary for the smallest spleens sampled in this study (age-0 fish), but is not practical for large
spleens. Dividing spleens with the multi-blade knives offered an efficient alternative to step
sectioning for SURS of moderate and large spleens. The level of precision (coefficient of error)
likely varied though among the three methods used to sample tissues in this study. However, a
single method (method 2) was used to sample the majority of spleens (86%). While a wide range
of fish ages and sizes was deliberately targeted in this study, we expect that most studies
involving MA analysis would include a narrower range of organ sizes (i.e. single species, fewer
life stages), which could simplify tissue sampling techniques. Another limitation of this study
was the use of paraffin as the tissue embedding media. Tissue processing for paraffin infiltration
results in tissue shrinkage (Gundersen et al. 2013), the relative amount of which, was not
determined in this study. While the reported values of spleen volumes and tissue abundances are
comparable among groups in this study, caution should be used in comparing these values to
those reported in other studies. Future studies should determine and correct for tissue shrinkage
when using paraffin media, or use alternate embedding media such as plastics (Gundersen et al.
2013).
There are various ways of estimating the abundance of MA in fish tissues. Abundance
scores of MA might be sufficient, and would certainly be the fastest method, if the range in
organ volumes among the populations tested is limited. Density might not be a reliable estimate
of MA abundance if MA increase in size rather than form new aggregations or if there are
significant changes in organ volume. Mean size estimates might not be useful if MA increase by
forming new aggregations to a greater extent than by increasing the size of existing MA.
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Relative area estimates encompass changes in MA regardless of the pattern of accumulation,
while total volume estimates includes this benefit and provide a global estimate that is
independent of organ volume changes. The additional work to obtain organ volume estimates is
neither difficult nor time consuming. Improved efficiency to estimate total volume of MA could
be achieved by replacing point count methods with image analysis techniques. Applying modern
image analysis techniques with stereological principles to obtain a global estimate of MA (VMA)
may offer an improved method of quantifying MA for use as a biomarker of environmental
stress. With improved estimates of their coverage, researchers will be better equipped to sort out
the possible influences (age, disease, contaminants, etc.) on MA abundance in fish tissues.
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Figures
Figure 1. The sampling cascade used to quantitate spleens from Striped bass and White Perch:
(A) Spleens of age-0 fish were kept intact while spleens of age-1+ fish were divided into
multiple pieces using a multi-blade knife with blades spaced 2.5 mm apart (method 2) or 5 mm
apart (method 3). The initial cut was randomized by locating the anterior end of each spleen
within the first 2 blades (dashed lines). The number of evenly spaced cuts made (methods 2 and
3) was proportional to the length of spleen. (B) All pieces of spleen generated by method 2 were
selected. For method 3, the first piece (1 or 2) from the anterior end was chosen randomly
(arrow) and then every 2nd piece was selected (shaded pieces). The posterior face of each splenic
piece (vertical lines) was oriented in cassettes as the cut surface for sectioning. (C) Each intact
and processed spleen (method 1) was embedded in a cassette vertically, while each piece
selected from methods 2 and 3 was embedded in cross section. (D) Spleens from method 1 were
step sectioned throughout at 750 μm intervals with a randomized starting position, while a single
section was cut from the posterior face of each piece selected by methods 2 and 3. (E) Sections
were inspected visually for macrophage aggregate (MA) abundance by subjective grading and
photographed for image analysis. (F) Sections were probed with a combination counting
frame/grid of points (rectangles) for density and stereological estimates by a systematic uniform
random sampling process. The initial location of the probe was randomized outside the tissue
area and the microscope stage was moved in 1 mm increments in the x- and y- axes (arrows)
resulting in a “tiling” pattern. The number of probes per section was proportional to the section
area.
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Figure 2.-Method used to trim fish spleens for histological assessment. Panel (A) is of a custom
made multi-blade knife (2.5 mm blade spacing) used to dissect spleens into pieces of equal
thickness in cross section. Panel (B) is of spleens from sibling age-3 cultured striped bass with
mycobacteriosis (arrow) and without disease. Panel (C) is of spleens from age-6 white perch
with numerous trematode parasites (arrow) and without parasites.
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Figure 3.-Histological sections of spleen showing examples of the four ordinal categories of MA
abundance used to assess Striped Bass and White Perch. Panel (A) is minimal (category 1); panel
(B) is low (category 2); panel (C) is moderate (category 3); and panel (D) is high (category 4).
Modified Ziehl-Neelsen stain; scale bar = 500 μm.
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Figure 4.-Stereological probe (grid) digitally superimposed over a spleen section. The probe
was used for point count estimates of the relative area of macrophage aggregates, granulomas
and parasites in tissues, and as a counting frame to estimate numerical density of MA. Modified
Ziehl-Neelsen stain; scale bar = 150 μm.
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Figure 5.-Photomicrographs of spleen sections. Panel (A) is of spleen from Striped Bass with
granulomas (g), macrophage aggregates (arrow) and a pocket of necrotic tissue and edema (*).
Panel (B) is of spleen from White Perch with encysted digenetic trematode parasites (p) and
macrophage aggregates (arrow). Modified Ziehl-Neelsen stain; scale bar = 200 μm.
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Figure 6.-Comparison of the mean relative areas (± SD) of macrophage aggregates (MA) as
determined by image analysis and the ordinal category scores (1-4) of relative MA abundance
based on subjective assessment of tissues.
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Figure 7.-A comparison of four different techniques to evaluate macrophage aggregate (MA)
abundance and spleen volume in wild-caught Striped Bass from the Choptank River. Fish were
categorized with splenic mycobacteriosis (open circles, dash lines) and without splenic infections
(closed circles, solid lines). Total volume of splenic granulomas is presented for age-3 fish only.
Box plots indicate median (center lines), 25th quartile (left lines), 75th quartiles (right lines), and
whiskers indicate extreme values.
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Figure 8.-A comparison of four different techniques to evaluate macrophage aggregate (MA)
abundance and spleen volume in wild-caught Striped Bass from the Nanticoke River. Fish were
categorized with splenic mycobacteriosis (open circles, dash lines) and without splenic infections
(closed circles, solid lines). Box plots indicate median (center lines), 25th quartile (left lines),
75th quartiles (right lines), and whiskers indicate extreme values.
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Figure 9.- A comparison of four different techniques to evaluate macrophage aggregate (MA)
abundance and spleen volume in age-3 cultured Striped Bass. Fish were categorized with splenic
mycobacteriosis (open circles, dash lines) and without splenic infections (closed circles, solid
lines). Box plots indicate median (center lines), 25th quartile (left lines), 75th quartiles (right
lines), and whiskers indicate extreme values.
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Figure 10.- A comparison of four different techniques to evaluate macrophage aggregate (MA)
abundance and spleen volume in White Perch. Fish were categorized with splenic
mycobacteriosis (open circles, long dash lines), trematode parasites in the spleen (+ symbols,
short dash lines) and without splenic infections (closed circles, solid lines). Total volume of
splenic granulomas and trematode parasites is presented for age-6 fish only. Box plots indicate
median (center lines), 25th quartile (left lines), 75th quartiles (right lines), and whiskers indicate
extreme values.
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Figure 11.-Photomicrographs comparing macrophage aggregates (MA) in the spleen of older
fish. Panel (A) is of large highly irregular MA in an age-14 White Perch. Panel (B) is of
moderate sized ovoid MA in age-14 Striped Bass. Modified Ziehl-Neelsen stain; scale bar = 200
μm.
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Figure 12.-Trends in macrophage aggregate (MA) an spleen estimates by age of fish. Box plots
(ordinal scale) indicate median (center line), 25th percentile (lower line) and 75th percentile
(upper line), while whiskers indicate extreme values. Single lines indicate actual data point.
Curves represent mean values and shaded areas indicate the 95% confidence intervals.
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Tables
Table 1. Techniques and resulting estimates of the abundance of splenic macrophage aggregates (MA) compared in this study.
Technique

MA abundance estimate

Symbol

Summary description

Visual inspection

Abundance score

SMA

Observer subjectively rates relative abundance of
MA in sections on a scale of 1 (low) – 4 (high).

Image analysis

Relative area

RAMA

Digital micrographs taken of sections and software
analyzed for area of MA and total area of section.
Area of MA divided by area of section.

Stereological

Total volume

VMA

Relative volume of MA in sections determined by
point count methods. Spleen volume determined
by the sum of section areas. The product of
relative volume of MA and spleen volume.

Counting frame

Numerical density

DMA

Counts made of the number of MA profiles within
a counting frame of specified area. Number of MA
divided by frame area.

140

Table 2. Summary of fish collected for analysis of splenic macrophage aggregates. Water temperature, fish total length (TL) and mass
are given as means ± SD and (range). Sex of age-0 Striped Bass was not determined (U).
Fish

Year

Season

Location

Temperature

Sex

n

C
Striped Bass

2015

2016

2016

autumn

winter

summer

Choptank R

Nanticoke R

ponds

17.2 ± 1.3

7.7 ± 0.5

26.6 ± 1.9

28.7 ± 1.5

White Perch

a

2016

summer

Choptank R

26.6 ± 2.3

TL

Mass

(range)

(mm)

(g)

SSI

Infection
(%)

M

181

1-6

422 ± 102

863 ± 686

0.15 ± 0.05

62a

F

98

1-6

393 ± 133

788 ± 831

0.16 ± 0.04

62a

U

68

0

115 ± 10

18 ± 17

M

25

6-17

712 ± 63

3,965 ± 1,157

0.18 ± 0.08

84a

F

16

6-14

782 ± 100

4,543 ± 982

0.16 ± 0.07

59a

M

24

1

269 ± 21

205 ± 60

0.22 ± 0.03

0a

F

21

1

288 ± 34

245 ± 74

0.20 ± 0.03

0a

M

67

3

479 ± 23

889 ± 114

0.08 ± 0.03

40a

F

61

3

486 ± 26

914 ± 135

0.07 ± 0.02

57a

M

80

3-14

212 ± 22

128 ± 32

0.09 ± 0.03

13a, 26b

F

80

2-14

227 ± 33

151 ± 46

0.10 ± 0.07

15a, 31b

Prevalence of fish with splenic mycobacteriosis.

b

Age

Prevalence of fish with encysted trematode parasites in the spleen.
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0a

Table 3.-General linear models to compare the effects of spleen volume VArch, sex and spleen
infections (mycobacteriosis or trematode parasites) on quantitative estimates of macrophage
aggregate (MA) abundance. Model coefficient estimates include total volume (VMA), relative
area (RAMA) and density (DMA) of MA in wild and cultured Striped Bass and White Perch. P
values with an asterisk (*) indicate statistical significance.
ANOVA
Species
Striped bass

Location

Variable

Choptank R

DMA

RAMA

VMA

Nanticoke R

DMA

RAMA

VMA

Culture ponds

DMA

(age-3)
RAMA

VMA

White perch

Choptank R

DMA

Model wide

VSpl

Sex

Mycobacteriosis

Parasites

F ratio

12.054

5.031

2.291

1.182

n/a

P

<0.001*

<0.001*

0.067

0.241

n/a

F ratio

8.970

1.87

-1.56

4.02

n/a

P

<0.001*

0.072

0.121

<0.001*

n/a

F ratio

165.083

20.912

0.384

2.530

n/a

P

<0.001*

<0.001*

0.705

0.012*

n/a

F ratio

2.164

0.353

-1.483

1.449

n/a

P

0.108

0.726

0.147

0.146

n/a

F ratio

2.526

1.43

1.944

1.402

n/a

P

0.0941

0.162

0.075

0.171

n/a

F ratio

15.448

6.012

-1.138

0.540

n/a

P

<0.001*

<0.001*

0.155

0.590

n/a

F ratio

7.051

2.930

1.043

4.160

n/a

P

<0.001*

0.004*

0.302

<0.001*

n/a

F ratio

2.728

0.99

0.051

1.834

n/a

P

0.047

0.324

0.960

0.035

n/a

F ratio

64.791

11.048

0.682

2.780

n/a

P

<0.001*

<0.001*

0.501

0.006*

n/a

F ratio

5.544

3.308

0.543

1.099

0.042

P

<0.001*

<0.001*

0.592

0.083

0.687
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RAMA

VMA

F ratio

11.274

3.576

1.134

2.121

3.840

P

<0.001*

<0.001*

0.101

0.035*

<0.001*

F ratio

59.319

13.490

0.235

2.634

3.617

P

<0.001*

<0.001*

0.486

0.009*

<0.001*
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Table 4.-Ordinal logistic regressions to compare the effects of spleen volume (VSpl), sex, and
spleen infections (mycobacteriosis or trematode parasites) on semi-quantitative (ordinal scores)
estimates of the relative abundance of splenic macrophage aggregates (MA) in wild and cultured
Striped Bass and White Perch. P values with an asterisk (*) indicate statistical significance.
Species
Striped Bass

Location

Model wide

VSpl

Sex

Mycobacteriosis

Parasitesa

χ2

6.054

1.375

0.238

0.482

n/a

P

0.126

0.365

0.767

0.442

n/a

χ2

7.416

3.993

3.490

0.553

n/a

P

0.081

0.056

0.147

0.458

n/a

Culture ponds

χ2

7.090

1.141

0.084

6.550

n/a

(age-3)

P

0.069

0.236

0.777

0.011*

n/a

Choptank R

χ2

19.988

8.230

1.543

0.019

6.520

P

<0.001*

0.004*

0.292

0.883

0.011*

Choptank R

Nanticoke R

White Perch

a

Encysted trematode parasites.
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Table 5.-Spearman correlations comparing quantitative estimates of splenic macrophage
aggregates (MA) and spleen volume (VSpl) in fish. Estimates of MA abundance included density
of MA (DMA), relative area of MA in sections (RAMA) and total volume of MA (VMA).
Comparisons were also made of MA estimates with total volume of splenic granulomas (VGran) or
trematode parasite (VPar) in Striped Bass and White Perch of limited age ranges. P values with
an asterisk (*) indicate statistical significance.
Species

Location

Striped Bass

Choptank R

Age range
0-6

3

Nanticoke R

6-17

6-7

Culture pond

3

Variables

n

ρ

DMA vs VSpl

347

0.631

<0.001*

RAMA vs VSpl

347

0.618

<0.001*

VMA vs VSpl

347

0.922

<0.001*

VSpl vs VGran

173

0.038

0.624

DMA vs VGran

173

-0.386

<0.001*

RAMA vs VGran

173

0.170

0.025*

VMA vs VGran

173

0.307

<0.001*

DMA vs VSpl

41

0.129

0.419

RAMA vs VSpl

41

0.237

0.1358

VMA vs VSpl

41

0.653

<0.001*

VSpl vs VGran

24

0.356

0.087

DMA vs VGran

24

0.093

0.665

RAMA vs VGran

24

0.101

0.639

VMA vs VGran

24

0.153

0.474

DMA vs VSpl

128

-0.065

0.395

RAMA vs VSpl

128

0.028

0.757

VMA vs VSpl

128

0.663

<0.001*

VSpl vs VGran

62

0.805

<0.001*

DMA vs VGran

62

-0.275

0.031

P
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White Perch

Choptank R

2-14

6

RAMA vs VGran

62

0.034

0.793

VMA vs VGran

62

0.6074

<0.001*

DMA vs VSpl

100

-0.312

0.001*

RAMA vs VSpl

100

0.226

0.022*

VMA vs VSpl

100

0.381

<0.001*

VSpl vs VPar

32

0.2695

0.007*

DMA vs VPar

32

0.121

0.408

RAMA vs VPar

32

0.356

0.012*

VMA vs VPar

32

0.518

<0.001*
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Table 6.-The effects of acute handling stress and 10 min exposure to hypoxia on the spleen of
age-1 cultured Striped Bass. Subjective scoring (ordinal scale 1-4), numeric density (DMA),
relative area (RAMA) and total volume (VMA) of macrophage aggregates were compared. Values
are given as means ± SD, or medians for ordinal scale estimates. Values followed by a different
letter in each row are significantly different (P < 0.01).

n

Unstressed

Stressed

Hypoxia

15

15

15

Fish total length (TL)

288 ± 17 z

293 ± 13 z

290 ± 15 z

Spleen somatic index (SSI)

2.8 ± 1.7 z

2.3 ± 1.3 z

2.0 ± 1.5 z

Packed cell volume (%)

38 ± 3 z

53 ± 5 y

58 ± 5 x

293 ± 68 z

220 ± 25 y

187 ± 30 x

Spleen volume (VSpl, mm3)
Macrophage aggregate assessments
Ordinal scale (median)

2z

2z

2z

2.2 ± 0.9 z

3.1 ± 0.8 y

3.4 ± 1.3 y

Relative area (RAMA, %)

0.42 ± 0.15 z

0.51 ± 0.11 z

0.60 ± 0.18 y

Total volume (VMA, mm3)

1.20 ± 0.37 z

1.12 ± 0.28 z

1.11 ± 0.26 z

Numerical density (DMA, #/mm2)
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Chapter Five: Seasonal development of the coccidian parasite Goussia bayae and
hepatobiliary histopathology in White Perch Morone americana from Chesapeake Bay

ABSTRACT: The coccidium Goussia bayae infects the gallbladder and bile ducts of White
Perch Morone americana from Chesapeake Bay. Seasonal changes in coccidian infections were
analyzed from bile specimens of 1,588 fish from Choptank River during 2016-2018 using wet
mount preparations with a Sedgewick Rafter counting chamber. Histopathology of the
gallbladder and liver was analyzed from a subset (n=480) of these fish. Maximum parasite
prevalence (100%) and intensities in the gallbladder occurred during fish spawning season in
March and April. Asynchronous coccidian development and prevalence of infections in fish
increased gradually during autumn and winter, but coccidian intensity increased sharply 2-4
weeks prior to the onset of fish spawning activity and decreased after spawning activity
concluded. Sporulation was internal and the gallbladder was the primary reservoir for oocysts.
Two previously undescribed species of coccidia were observed in the intestine. Lesions in the
gallbladder were rare and included cholecystitis and epithelial necrosis. Intrahepatic bile duct
lesions were more common and included distension, cholangitis, epithelial erosion and necrosis,
cholestasis, hyperplasia, and neoplasia. Cholangitis and necrosis of intrahepatic bile ducts were
significantly associated with coccidial infections, while plasmodia of a myxosporean (spore
morphology consistent with the genera Myxidium or Zschokella) were significantly associated
with bile duct hyperplasia. Biliary neoplasia included cholangiomas (5% prevalence) and
cholangiocarcinomas (1% prevalence). No association was detected between G. bayae and
biliary neoplasms, but an association may exist between these lesions and the myxosporean
plasmodia.
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1. INTRODUCTION
The coccidia, eimeriorina (Leger, 1911), are a large and diverse group of apicomplexan
parasites that infect numerous taxa including mammals, birds, fish, reptiles, amphibians and
some invertebrates. The lifecycles of coccidia can generally be categorized as “simple”
involving a single host, or a “tissue-cyst” type of lifecycle involving sexual reproduction in a
definitive host and asexual proliferation in an intermediate host. Coccidia with a simple, direct
lifecycle, such as members of Eimeria, Schneider (1875), can cause intestinal disease
(coccidiosis) as development occurs within enterocytes, which rupture when oocysts are released
(Chapman et al. 2013). Migration and proliferation of asexual stages within an intermediate host
can result in cyst-like lesions in the brain, muscles, heart, liver and other organs. Coccidiosis can
affect a wide range of animals, but tissue-cyst forming coccidia primarily parasitize
homeothermic animals including humans. Disease is often most problematic in populations
maintained in high densities, such as in livestock or in human populations with poor sanitary
conditions, with a large economic cost to control and treat. Consequently, coccidia of
homeotherms have been studied far more intensively than coccidia that infect fish and other
poikilotherms. However, as seen in terrestrial animal farming, coccidia are recognized to cause
significant disease in aquaculture, particularly with pond-reared cyprinid fishes (Lom & Dyková
1992, Molnár 2006a).
Most species of coccidia identified from fish are from the genera Eimeria and Goussia Labbe
(1896). There has been some controversy regarding the taxonomy of coccidia among fish,
primarily because fish coccidia of these genera are generally fragile and do not persist long in
vitro, some of the fine morphological differences that distinguish taxa require ultrastructural
comparison, and only recently have there been detailed studies of molecular phylogenetics (Jirků
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et al. 2002, Molnár 2006a, Molnár et al. 2012, Rosenthal et al. 2016, Xavier et al. 2018, Matsche
et al. in press). Members of Eimeria possess a steida body or a thickened cap on one end of the
sporocysts, through which sporozoites emerge, while sporocysts of Goussia are composed of two
valves connected by a longitudinal suture line (Lom & Dyková 1992). The steida body of
Eimeria spp and the suture lines of Goussia spp are not always prominent features in piscine
coccidia and may be difficult to discern by light microscopy (Lom & Dyková 1992). Recent
molecular phylogenetic work has indicated at least four developmental groups of Goussia (sensu
Rosenthal et al. 2016) including: a “dispersed” type (eg. G. carpelli) and “nodular” type (eg. G.
balatonica) that occurs in the intestine or pyloric cecae, an “epicellular” type (eg. G. janae) that
is located in the intestine and other organs, and a “leucisci” type (eg. G. leucisci) that infects
renal tubules.
Disease in fish from Goussia spp infections is known mostly in aquaculture, where mortality
rates can be high (Molnár 2006a). Dispersed type intestinal infections of Goussia spp. (e.g. G.
sinensis and G. carpelli) can result in acute or chronic enteritis in cyprinid fish species exposed
to stressful conditions or reared in aquaculture facilities (Molnár 1976, Kent & Hedrick 1985).
While high mortality rates were occasionally associated with dispersed Goussia infections, heavy
infections did not always elicit a strong inflammatory or necrotic response (Molnár 1976) and
rapid regeneration of epithelium can limit the extent of tissue injury (Hemmer et al. 1998). Coinfections with other parasites and bacteria are common in fish with dispersed coccidial
infections, which complicates interpretation of pathological findings (Steinhagen et al. 1997). In
general, however, nodular coccidiosis may induce more severe lesions than dispersed infections.
Infections by nodular type Goussia spp (e.g. G. subepithelialis and G. baltonica) can reach
subepithelial tissues forming multifocal nodules of oocysts with subsequent proliferative
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enteritis, and in severe cases, necrosis and desquamation of the intestinal epithelium (Pellérdy &
Molnár 1968, Marincek 1973, Studnicka & Siwicki 1990, Lom & Dyková 1992). Nodular
coccidiosis can also occur in other tissues including the liver (Daoudi et al. 1988), spleen
(Pellérdy & Molnár 1968), and kidney (Morrison & Poynton 1989). Little information is
available on the pathogenicity of epicellular type Goussia spp, as most reports are either species
descriptions or observations of unknown species (Molnár 1989, Lukeš & Dyková 1990, Baska
1997, Work et al. 2003, Molnár 2006b, Lovy & Friend 2015). Although infrequently reported,
members of Goussia can cause disease and mortality in wild fish (Odense & Logan 1976).
Goussia bayae was recently described as an epicellular coccidium of the gall bladder and bile
ducts of White Perch, Morone americana (Matsche et al. in press). During studies to describe
this parasite species, it was noted that high intensity infections coincided with fish spawning
season. White Perch populations in Chesapeake Bay are composed of non-migratory freshwater
contingents and semi-anadromous brackish contingents (Kerr and Secor 2012). Fish aggregate
in large shoals at or above the salt front in most tributaries of Chesapeake Bay during spring and
then either remain in freshwater or disperse to the estuary (Setzler-Hamilton 1991). A study of
the development of G. bayae during the annual reproductive cycle of White Perch may reveal
important information regarding the interaction of the parasite life cycle with the ecology if its
host. Salinity preferences of White Perch (<15) generally limit distribution and migration
patterns of fish to within tributaries, in the mid to lower Chesapeake Bay, which has resulted in
the formation of at least three distinct stocks with low rates of population mixing (SetzlerHamilton 1991, McGrath & Austin 2009), which may limit the distribution of G. bayae within
the Chesapeake Bay watershed. The goals of this study were to determine the extent of
seasonality in the development of G. bayae, determine the distribution of G. bayae throughout
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the upper (Maryland) Chesapeake Bay watershed, determine the prevalence of biliary lesions in
the host by histopathology, and to assess the relationship between these coccidian infections and
specific hepatic and biliary lesions.

2. MATERIALS AND METHODS
2.1 Fish collections
Adult White Perch were collected approximately every 2-4 weeks in the tidal reaches of the
Choptank River from March, 2016 through July, 2018 (Fig. 1). Fish collection locations in the
Choptank River were based on the general semi-anadromous migratory pattern of White Perch
(Mansueti 1961, Kraus & Secor 2004). From February to April each year, fish were obtained
from fyke nets set for stock assessment purposes in the upper reaches of the estuary (Fig. 1).
Angling was used to collect fish from near-shore habitat downstream of spawning sites from
May to October and bottom trawls were used to collect fish from deep channels in the mid to
upper estuary from October to February each year. Thirty White Perch were collected at each
sampling interval, euthanized with a lethal dose of tricaine methanesulfonate (MS-22, Argent
Finquel®, Remond, Washington), packed in wet ice and transported to the Cooperative Oxford
Laboratory for necropsy. In March, 2017 and 2018, 30 fish were collected from each of the
following additional locations to determine the distribution of G. bayae in the upper Chesapeake
Bay region: tidal fish spawning sites in the Potomac, Patuxent, Severn, Susquehanna, and
Nanticoke Rivers; Triadelphia and Loch Raven Reservoirs (created by damming a branch of the
Patuxent River in 1943 and Big Gunpowder Falls River in 1914, respectively); and a non-tidal
freshwater spawning site (Greensborough, Maryland) approximately 35 kilometers upstream
from the tidal spawning sites in the Choptank River (Fig. 1).
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2.2 Fish necropsy and parasite examination
Weight (g), total length (TL, mm) and sex were recorded, and Fulton’s condition factor (K)
was calculated for each fish (Ricker 1975). Liver and gallbladder were removed and gallbladder
contents were drained into a microcentrifuge tube. Beginning in January 2018, an intestinal
scrape or impression was prepared from each fish as a wet-mount on a glass slide. Liver,
gallbladder, and gastrointestinal tissues were preserved in 10% neutral buffered formalin (NBF).
Otoliths were removed from each fish and used to determine fish age by counting the number of
annuli (Quist et al. 2012). A subset of 20 fish (10 male, 10 female) from the Choptank River
were selected each month from August 2016 to July, 2018 for histological analysis. In addition,
the liver and gallbladder from all reservoir fish (Triadelphia and Loch Raven) were collected for
histology to confirm the absence of G. bayae, but tissues from tidal tributaries other than the
Choptank River were not processed for histology because G bayae was abundant in bile
specimens from those fish. Preserved tissues were processed for routine paraffin infiltration,
sectioned at 5 μm, and stained with hematoxylin and eosin (H&E) (Presnell & Schreibman
1997).
Bile specimens from Choptank River fish were diluted with tap water if necessary to achieve
a total volume of at least 1 ml. Coccidia were counted with a Sedgewick Rafter counting
chamber using Nomarski differential interference contrast (DIC) microscopy imaging at 200x
magnification. Each bile specimen was gently inverted to mix and 1 ml of bile solution was
loaded into a counting chamber with a transfer pipette. The counting chamber was placed on the
microscope stage, the contents were allowed to settle for 2 min, and counts of parasites were
made along a transect of 50 squares (1 μL per square), or from 5 squares when parasites were
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numerous. Preliminary work indicated that G. bayae oocysts settled in the counting chamber
within 1 min. Counts were made of oocysts, including unsporulated, mid-sporulated and
sporulated stages. Counting chambers were cleaned with a dilute bleach solution and rinsed
thoroughly between each bile specimen. Bile specimens from non-Choptank River fish were
examined for presence or absence of coccidia. Imaging was performed on an Olympus BX50
microscope, DP25 digital camera, and CellSens Dimension software.

2.3 Bile duct and gallbladder stereology
Length of hepatic bile ducts, mucosal surface area, and total volume of bile ducts and
gallbladder were estimated using stereological techniques (Gundersen et al. 2013). Twenty age6 fish (10 male and 10 female) were randomly selected in April, 2017, and an additional 20 fish
were selected in August, 2017. The liver and gallbladder were removed from each fish and
volumes (Vliv and Vgall respectively) were determined by Archimedes water displacement method
(Scherle 1970). Bile was drained from the gallbladders, the organs were fixed in 10% NBF and
processed for isotropic random sampling (Nyengaard & Gundersen 1992). The length density
(LDbd), mucosal surface density (SDbd) and relative volume (RVbd) of bile ducts, and surface
density of gallbladder mucosa (SDgall) were measured using a multipurpose probe consisting of a
grid of parallel test lines and points bounded within a counting frame (Gundersen et al. 2013).
Six to eight sections of each liver and 4-6 sections of each gallbladder were probed by systematic
uniform random sampling at 200x magnification with a probe spacing of 1 mm for liver sections
and 500 µm for gallbladder, and digital images of tissues were captured each time the field of
view was located over tissues (Marcos et al. 2012). The probe was constructed and
superimposed over tissue images in Adobe Photoshop software and interactions between the

154

probe and tissues of interest were recorded (Gundersen et al. 2013). Total estimates of bile duct
length (Lbd), volume of bile ducts (Vbd), and mucosal surface area of bile ducts (Sbd) and gall
bladder (Sgall) were the product of relative volumes or density estimates and organ volume (Vliv
or Vgall).

2.4 Statistics
Analyses were performed with R statistical software (R Core Team 2018) with a level of
significance, P < 0.05. Prevalence of fish with coccidia in bile, and fish with biliary lesions
(cholangitis, bile duct necrosis, bile duct hyperplasia, and cholangioma) were compared monthly
using a chi-square test. Multiple post-hoc 2x2 comparisons were made for monthly prevalence
data adjusting the P values according to the False Discovery Rate Method (Benjamini &
Hochberg 1995). Log-transformed coccidia intensities were compared monthly with one-way
analysis of variance (ANOVA) and Tukey HSD post hoc comparisons. A general linear model
was used to test the effects of sex, age, month, and K on the intensity of coccidia in bile.
Logistic regression was used to test for relationships between coccidial infections (predictor
variable) and presence of bile duct lesions (response variables: inflammation, necrosis,
hyperplasia and cholangiomas). Alternative logistic models including reduced number of
response variables were compared using Akaike Information Criteria scores (AIC). The
predicted probabilities of coccidial infections were calculated for each combination of biliary
lesion using the prediction function in R software (package=ROCR). An optimized cutpoint
value, sensitivity, specificity, and accuracy for the logistic model to predict lesion presence from
coccidial infections were determined using the performance function (ROCR). The optimized
cutpoint is an adjusted P value on the logistic curve that separates events from non-vents, and
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that minimizes prediction errors in binary outcomes (Schulgen et al. 1994). The logistic
regression approach used to assess coccidial infections was also used to assess myxosporean
plasmodial infections. A fish was considered to be positive for myxosporeans if plasmodia were
observed in the common bile duct, intrahepatic bile ducts, or both.

3. RESULTS
3.1 Fish collections
A total of 1588 White Perch were collected including 983 females and 605 males (Table 1).
Female fish were significantly larger than males, and there was a modest but significant (P
<0.001) increase in mean TL and weight with age (Fig. 2). Fish examined in this study generally
followed the annual gametogenic cycle as described for White Perch by Jackson and Sullivan
(1995), except that timing of gonadal maturation in Choptank River fish occurred earlier,
resulting in spawning in March-April.
Liver color varied generally by sex and season, from a reddish-brown to cream color; lighter
liver color corresponded to increased hepatic glycogen content and female livers were generally
darker in color (and larger in size) than male livers prior to and during spawning season. Grossly
visible lesions in the liver were infrequent and consisted of patches of discoloration that
corresponded to patchy glycogen accumulation, or less frequently, as congestion. Liver somatic
index (LSI) exhibited an annual cycle, which as more pronounced in females (Fig. 3). Lowest
LSI values occurred during summer, increasing during autumn and winter until March, followed
by a general decline (Fig. 3). Bile accumulation in the gallbladder of fish was variable in
summer, declined during early autumn, increased during winter, reached peak volumes during
spawning season, and declined sharply thereafter. Bile accumulation in winter corresponded to
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decreased feeding activity, while the decline in bile after spawning corresponded to an increase
in food items in the stomach and intestine. Bile color ranged from light-yellow to blue-green; in
general, bile was predominantly green to blue-green during late winter and spring, while the
color varied during other times of the year. No lesions were grossly visible in the gallbladders.

3.2 Seasonal prevalence and intensity
Coccidia observed in the Sedgewick-Rafter counting chamber were virtually all oocysts (Fig.
4a). In general, the majority of oocysts observed in bile from fish in autumn and winter were
unsporulated, while sporulated oocysts predominated in April as spawning activity concluded.
However, it was common to observe at mix of oocysts in different stages of sporulation in most
fish infected with G. bayae, particularly in February-March (Fig. 4b). Cells that were likely
sloughed epithelium were infrequently observed, and unidentified stages that were consistent
morphologically with microgamonts or macrogamonts were rarely observed in bile specimens.
Prevalence of coccidia in bile specimens from the gallbladder of White Perch collected from
Choptank River was 100% each year during fish spawning season (March-April) and lowest
during summer months (Fig. 5). Timing of fish spawning activity varied slightly each year, but
generally occurred during March-April when water temperatures were < 12° C and in locations
where salinity was < 2. Prevalence of coccidia in bile specimens gradually declined from the
end of April, after the majority of spawning activity ceased, to June-July each year when water
temperatures were > 20° C (Fig. 5). In 2016, no coccidia were observed in bile specimens from
July-September, while prevalence was < 5% during those months in 2017 and 2018 (Fig. 5).
Prevalence of coccidia in bile specimens increased gradually during autumn and winter each
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year, to 100% by March, and prevalence was significantly higher in March and April compared
to all other months (Fig. 6).
In March and April 2016, the mean intensities of coccidia in bile were 110,000 and 150,000
ml-1 (131,000 and 186,000 SD respectively), declining to a mean of 336 coccidia ml-1 (1,140 SD)
by the end of June (Fig. 5). Coccidia were not detected in bile from June to September, 2016. In
October, 2016, the mean parasite intensity was 150 coccidia ml-1 (570 SD), which gradually
increased to an annual peak of 266,000 coccidia ml-1 (538,000 SD) in April, 2017, followed by a
decline to a mean of 73 coccidia ml-1 (402 SD) in August, 2017 (Fig. 5). The peak mean parasite
intensity in fish bile in 2018 was 388,000 coccidia ml-1 (650,000 SD) in March, declining to an
annual low mean intensity of 48 coccidia ml-1 (184 SD) in July (Fig. 5). The greatest relative
increase (358-585%) in mean coccidal intensity occurred over a 2-4 week period prior to the
onset of fish spawning activity, and the greatest relative decrease (88-136%) was by the end of
May each year. Coccidial intensities were significantly greater in March and April than all other
months (Fig. 6). There was no significant effect of sex, fish age, TL, or K on the intensity of
coccidian infections (P > 0.16).

3.3 Spatial distribution of infections
All bile specimens from fish collected during spawning season from the Potomac, Patuxent,
Severn, Susquehanna, and Nanticoke Rivers, and from fish collected from non-tidal reaches of
the Choptank River were positive for G. bayae (100% infection prevalence) (Fig. 1). The
intensity of infection among these fish was highly variable. None of the bile specimens
examined from reservoir fish contained G. bayae, and histological examination of livers and
gallbladders supported the finding that these fish populations were infection-free.
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3.4 Histopathology
The first evidence of coccidiosis each year was the emergence of parasitophorous vacuoles
from the microvillous surface of epithelial cells in the gallbladder during late autumn. The
parasitophorous vacuoles were faintly eosinophilic (Fig. 7A) when first evident, and within
weeks were darker eosinophilic and occasionally contained indistinct cells or meronts (Fig. 7B).
By early winter, parasitophorous vacuoles were generally more numerous and meronts were
commonly observed (Fig. 7C). By late winter, the gall bladder of most fish contained a mix of
coccidial stages including meronts, microgamonts and macrogamonts along the mucosal
epithelium (Fig. 7D). There was a marked increase in gamonts along the epithelium and
unsporulated oocysts in the lumen as fish entered spawning season (Fig. 7E). As fish spawning
activity progressed, fewer coccidial stages were evident along the epithelium and the number of
sporulated occysts in the lumen increased markedly (Fig. 7F). Within 4-8 weeks after cessation
of spawning activity (May-June), coccidia were uncommon to rare in the gall bladder (Fig. 7G),
and by summer coccidia were rare or were not evident (Fig. 7H). There was a high degree of
variability in the number of coccidia evident in sections among fish collected during winter and
spring.
Parasitophorous vacuoles were not generally evident in bile ducts until winter, and as winter
progressed, few meronts and gamonts were occasionally scattered among ducts (Fig. 8A-C). The
intensity of coccidia within intrahepatic bile ducts increased markedly as fish approached
spawning season (Fig. 8D). As spawning activity progressed, the proportion and number of
sporulated oocysts in the duct lumens increased (Fig. 8E). During spawning season, the amount
of coccidia in bile ducts was variable, both among fish and among bile duct branches in an
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infected liver. In some fish, all bile duct branches contained numerous coccidia, while in other
fish, some branches contained moderate to numerous coccidia while other branches were empty.
Following spawning, the intensity of coccidia in branches decreased markedly, and within 4-8
weeks (May-June) coccidia were rare or not evident in bile ducts (Fig. 8F). Coccidial
development in the intrahepatic bile ducts lagged behind coccidial development in the
gallbladder during autumn and winter until the start of spawning season (Fig. 9A).
There was generally little tissue reaction evident in the gallbladder in response to coccidial
infections. The columnar epithelial cells were occasionally hypertrophic during severe coccidial
infections. Infrequently, few to moderate numbers of inflammatory cells were noted in the
submucosa, and rarely, epithelial cell necrosis with intense inflammatory response in the
submucosa was observed during severe coccidial infections in the gallbladder (Fig. 10).
The intrahepatic biliary tree of White Perch consists of a branched network of ducts,
beginning with the formation of bile canaliculi between hepatocytes. The duct branches
progressively increase in size towards the central anterior liver where it exits as the common bile
duct. Branches of bile duct may be found in one of three configurations: within the liver
parenchyma, in the hepatic parenchyma but with a thin sheath of exocrine pancreas, and within
tracts consisting of hepatic portal veins and exocrine pancreas (Fig. 11A-B). In White Perch
liver, central veins were not associated with exocrine pancreas and small branches of hepatic
artery were often found within biliary-venous-pancreatic tracts (Fig. 11A).
Coccidial proliferation in bile ducts was often accompanied by inflammation and
degenerative changes to the epithelium and connective tissue wall. Few, scattered leukocytes
were commonly found adjacent to or within the connective tissue wall of bile ducts during all
seasons. An inflammatory response (cholangitis) was indicated by the periductal aggregation of
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leukocytes that occasionally infiltrated the connective tissue wall (Fig. 12A). The epithelium of
bile ducts with one or few coccidia often appeared normal or exhibited mild hypertrophy,
regardless of the developmental stage of coccidia present (Fig. 12B). Atrophy and separation of
the epithelium from the connective tissue wall were common in ducts during merogony and early
gamogony of moderate intensities (Fig. 12C), while high intensity infections during this phase
often resulted in a lamellation of the epithelium (Fig. 12D). In fish that developed moderate to
high intensity coccidial infections, marked proliferation of gamonts did not typically occur until
late February or early March. In these fish, the epithelium of ducts was often atrophied and the
connective tissue walls of some ducts were mildly compressed (Fig. 12E). Debris and short
segments of necrotic epithelium were also evident in some bile ducts during proliferative
gamogony (Fig. 12E). Sporogony during March and April often resulted in high intensity
infections with distension of bile ducts as oocysts filled the lumen (Fig. 12F). Distension of bile
duct lumens was accompanied by compression of the remaining epithelium and underlying
connective tissue wall (Fig. 12F). The epithelial cells of ducts that were full of coccidia typically
showed signs of atrophy and necrosis including nuclear pyknosis and karyorrhexis, cell
disintegration or loss of tissue architecture (Fig. 12F). Necrosis was generally limited to the
epithelial cell layer, but necrosis was also occasionally evident in the connective tissue layers of
ducts in severely affected fish. As sporogony progressed (April), oocysts predominated and
fewer meronts and gamonts were evident. Ducts in fish with moderate coccidial intensity during
late sporogony were similar to those from late gamogony and early sporogony; tissue layers were
typically compressed with signs of atrophy or necrosis. Bile ducts in fish with high intensity
infections during late sporogony often had little remaining necrotic epithelium, and the
underlying connective tissue was compressed, and occasionally, necrotic. Fibrosis and
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inflammatory cell infiltrates in the connective tissue walls often extended into neighboring tissue
such as exocrine pancreas and hepatic parenchyma in moderate to high intensity infections. The
most severe changes during peak coccidiosis involved near-complete loss of duct architecture
with a strong fibro-inflammatory response (Fig. 12G). As coccidian infections declined during
April and early May, some bile ducts remained dilated with increased amounts of debris and
markedly reduced coccidia (Fig. 12H). Inflammatory cells and macrophage aggregates were
commonly associated with the connective tissue walls in these ducts, and the epithelium
consisted of low basophilic cuboidal cells, which were thought to be regenerating tissue (Fig.
12H). By mid-May most bile ducts appeared normal with columnar epithelium. Development of
G. bayae was asynchronous and coccidian development occurred on a continuum with meronts
and other early stages predominating in the winter, gamonts generally predominating in late
February and March, and oocysts predominating in April. However, all coccidian stages were
typically evident in fish during winter and spawning season.
Proliferative and neoplastic bile duct lesions were also evident in White Perch. Bile duct
hyperplasia consisted of increased numbers of duct branches that were fully formed with distinct
epithelial and connective tissue layers, often within biliary-venous-pancreatic tracts (Fig. 13A).
Hyperplasia also occasionally resulted in an increase in small bile ductules scattered throughout
the hepatic parenchyma or in a nest-like arrangement within tracts (Fig. 13B). Fibrosis
surrounding hyperplastic bile ducts was uncommon (Fig. 13C). Cholangiomas consisted of a
mass of well-differentiated biliary epithelial tissue and reduced connective tissue layers bounded
within a fibrous capsule (Fig. 13D). The fibrous capsule surrounding cholangiomas varied in
thickness and was often associated with inflammation or macrophage aggregates (Figs.13E,F).
Cholangiocarcinomas were observed in the livers of 5 fish (collected in March, April, May and
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June); each neoplastic lesion consisted of a mass of poorly differentiated ductular structures that
infiltrated neighboring hepatic parenchyma (Fig. 13G,H). Coccidia were evident in several
neoplastic lesions including 2 of 5 cholangiocarcinomas (Fig. 13H).
Plasmodia of an unknown myxosporean parasite was observed in the common bile duct of
22% of White Perch (Fig. 14A), and in some of these fish, plasmodia extended into intrahepatic
bile ducts (Fig. 14B), and rarely, into the gallbladder. Plasmodia were coelozoic and
polysporous and ranged from small segments to large ribbon-like structures, often with fusiform
spores that contained 2 polar capsules (Fig. 14C). Large plasmodia resulted in extensive
dilatation of bile ducts (Fig. 14B). Spores were occasionally observed in bile specimens during
Nomarski DIC examinations for coccidia (Fig. 14D). Spores were ellipsoidal and slightly
fusiform and arcuate with a mean (± SD) length of 10.2 ± 0.8 µm and mean maximum width of
4.7 ± 0.4 µm. Spheroidal polar capsules (mean diameter 3.2 ± 0.3 µm) were located at opposing
ends of spores, and polar filaments were wound in 3-4 coils. The surface of spore valves
contained longitudinal parallel ridges. The morphology of these observed spores is consistent
with the genera Myxidium and Zschokella (Lom & Dyková 1992). Co-infection in ducts with G.
bayae was common during March and April. Plasmodia were not evident in cholangiomas but
small segments were present in 2 of 5 cholangiocarcinomas (Fig. 13H). The prevalence of
plasmodia in common or intrahepatic bile ducts did not differ significantly by month (χ2=18.363,
df=11, p= 0.073) (Fig. 9).
The prevalence of intrahepatic bile duct lesions was: 42% for cholangitis (203 fish), 15% for
necrosis (71 fish), 27% for hyperplasia (130 fish), 5% for cholangiomas (24 fish), and 1% for
cholangiocarcinomas (5 fish). Prevalence of cholangitis and necrosis was highest in March and
April (χ2>101, df=11, p< 0.001) (Fig. 9). Hyperplasia of bile ducts was highest in March and
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April (χ2=79.46, df=11, p< 0.001), but a modest increase was also detected in summer (Fig. 9).
Cholangiomas were detected in 9 of 12 months with no apparent trend in seasonality (χ2=19.41,
df=11, p= 0.068) (Fig. 9). Logistic regression indicated a significant positive relationship
between coccidian infections and cholangitis and biliary necrosis (Table 2). The full model (all 4
response variables) minimized information loss (AIC=410) compared to reduced models without
hyperplasia or cholangiomas (AIC≥413). The optimized cutpoint value for predicted
probabilities of coccidial infections was 0.470, and at this cutpoint, the sensitivity of the full
model was 0.623, the specificity was 0.688, and the accuracy was 0.650. The predicted
probabilities exceeded the cutpoint value for cholangitis and necrosis, but the predicted
probabilities decreased when including cholangiomas (Table 3). Myxosporean plasmodial
infections were significantly associated with bile duct hyperplasia, and were borderline not
significant with cholangiomas (Table 2). Including cholangiocarcinomas with cholangiomas in
the plasmodial analysis reduced the P value but did not result in significance. The response
variables with the highest predicted P values for plasmodial infections included hyperplasia and
cholangiomas (Table 3).

3.5 Bile duct and gallbladder stereology
The volumes of liver and gallbladder in age-6 fish were significantly greater in April
compared to August, and livers of females were greater compared to males in April (Table 4).
The total volume of bile ducts was 0.44-1.56% of the liver volume, and was significantly greater
in April compared to August (Table 4). The total length of intrahepatic bile ducts ranged from
1.7 to 3.8 m with no significant effect of sex, and although means were higher in April, the
outcome for month was borderline not significant (Table 4). The surface area of the gallbladder
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mucosa ranged from 4.1 to 13.6 cm2, which was 4-9 x greater than the total surface area of the
intrahepatic bile duct mucosa, and there was no effect of month or sex on the mucosal surface
area of the gallbladder or intrahepatic bile ducts (Table 4). There was no significant interaction
between month and sex for any variable.

3.6 Intestinal coccidia
Coccidia that were morphologically consistent with G. bayae were first evident in intestinal
scrapes in March, and increased numbers were commonly observed in April. Intestinal scrapes
also revealed two additional species of coccidia (Figs. 15-16, Table 5). Coccidia 1 oocysts were
spherical with a single-layered smooth wall, ~0.2-0.3 μm thick; diameter: 12.1 μm (11.2-12.8 μm
range); micropyle and oocyst residuum were absent. Sporocysts were subellipsoidal with one
end tapering to a prominent knob-like steida body, and were tightly contained within the oocyst;
LxW: 6.2 x 4.2 μm (5.8-6.8 x 3.9-4.5 μm range); L/W: 1.5 (1.4-1.6); sporocyst residuum was
absent. Histology indicated that coccidia 1 oocysts were located in the basal portion of
enterocytes or in the submucosa within the intestine and pyloric ceca (Fig. 15E). Coccidia 2
oocysts were spherical with a single-layered smooth wall, ~0.2-0.3 μm thick; diameter: 14.6 μm
(13.2-15.8 μm range); micropyle and oocyst residuum was absent. Sporocysts were ellipsoidal
and tightly contained within the oocyst; LxW: 8.2 x 5.3 μm (7.6-9.0 x 4.8-5.9 μm range); L/W:
1.6 (1.5-1.7); a cap-like steida body and sporocyst residuum were present. Histology indicated
that coccidia 2 oocysts were located basally within enterocytes of the pyloric ceca and anterior
and posterior intestine (Fig. 15F). No epicellular coccidia were observed in the intestine or
pyloric ceca.
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4. DISCUSSION
Recent phylogenetic work has revealed a high level of diversity among coccidia that
infect fish (Molnár et al. 2012, Xavier et al. 2018). Four distinct lineages of Goussia spp have
been identified that correspond to morphological and developmental patterns in fish tissues,
including epicellular, nodular, dispersed and leucisci type species (Rosenthal et al. 2016).
Epicellular Goussia sp, such as G. janae, develop within extracytoplasmic parasitophorous
vacuoles that emerge from the microvillous region at the apices of infected cells (Dogga et al.
2015). In contrast, developmental stages of dispersed type (E.g. G. carpelli) or nodular type
(E.g. G. balatonica) Goussia develop within intracytoplasmic vacuoles basal or apical to the host
cell nucleus (Steinhagen 1991, Molnar & Baska 1992). Intranuclear development of coccidial
stages in enterocytes has been rarely reported (Lom & Dyková 1982). Although the
ultrastructure of G. bayae has not been described, light microscopy findings and the phylogenetic
analysis places G. bayae within the epicellular lineage of Goussia (Matsche et al. in press).
Goussia bayae is currently the only extraintestinal (gallbladder) Goussia sp identified within the
epicellular lineage (Molnár 1989, Lukeš & Dyková 1990, Baska 1997, Molnár 2006b, Lovy &
Friend 2015, Rosenthal et al. 2016). The gallbladder is an extramural organ of the
gastrointestinal system and bile secretion through the ductus choledochus provides a mechanism
for direct transfer of coccidia from the gallbladder into the intestine, as was evident in this study.
Goussia bayae exhibited a strong seasonal pattern, with asynchronous development
during late autumn and winter, culminating in peak sporogony and oocyst production during fish
spawning period in March-April. A distinct seasonality was also observed for G. koertingi in
Barbel Barbus barbus from the Danube River, Hungary (Baska 1997), G. janae in the Dace
Leuciscus leuciscus from the Malše River, Czech Republic (Lukeš & Dyková 1990), and G.

166

pannonica in the White Bream Blicca bjoerkna from Lake Balaton and Danube River, Hungary
(Molnár 1989). Infections of these species (G. koertingi, G. janae, and G. pannonica) occurred
in March and April, while G. koertingi infections persisted through early June (Baska 1997).
Infections of G. amelie, an epicellular species reported from the Alewife Alosa pseudoharengus,
were detected in fish in April and August (Lovy & Friend 2015). Reports of other epicellular
Goussia spp did not include detailed seasonal information (Lukeš & Dyková 1990, Molnár
2006b). A seasonal pattern has also been observed for some dispersed type Goussia species such
as G. bohemica (Lukeš 1994), and nodular type species such as G. balatonica (Molnár 1989).
However, several dispersed type species such as G. carpelli and G. kessleri did not exhibit a
seasonal pattern of development (Lom & Dyková 1992, Molnár 2000).
Infections of G. bayae in White Perch were first evident in autumn. Coccidial prevalence and
intensities slowly ramped up through autumn and winter prior to a marked proliferation of
oocysts during early spring. This protracted development by G. bayae may be somewhat unique
among the epicellular Goussia spp known to date. Baska (1997) sampled Barbel populations
monthly and reported a period of infection for G. koertingi from March to early June. Molnar
(1989) reported that infections of G. pannonica first appeared in fish in March and almost
completely disappeared by the end of April. The first stages of G. bayae evident in the autumn
were likely trophozoites, but early stages were not distinguished until merozoites were evident
by light microscopy. Future ultrastructural analysis will be necessary to characterize the early
stages of G. bayae, including the parasitophorous vacuole, and host-parasite interactions in the
epithelial cells (Bartošová-Sojková et al. 2015).
Seasonal coccidiosis among fish may be an adaptation to temperatures or other
environmental factors that foster sporulation or survival of oocysts in the environment.
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Exogenous sporulation at temperatures > 20° C was reported for several intestinal epicellular
species (G. koertingi, G. szekelyi, G. janae, G. pannonica) (Molnar 1989, Baska 1997, Molnár
2006b). A lower optimal temperature was reported for G. janae; complete sporulation occurred
within 48 h at 10° C in vitro, but only 5 and 1% of oocysts sporulated at 4 and 20° C respectively
(Lukeš & Dyková 1990). The effects of temperature on sporulation for G. bayae were not
investigated in this study, but environmental temperatures during March and April, when
endogenous sporulation occurred, were 6-12° C. Temperature has also been shown to be an
important factor for oocyst infectivity for G. iroquoina; oocysts held at 21° C were directly
infective to Fathead Minnows Pimphales promelas, while oocysts held in higher temperatures
(24-26° C) were not infective (Paterson & Desser 1982). Seasonal occurrence of coccidiosis
(Genus Eimeria) has also been documented in non-piscine hosts, particularly livestock (Awais et
al. 2012). Sporulation of Eimerians from terrestrial animals is enhanced by warm temperatures
and humidity, and moisture is an important limiting factor for the survival of oocysts in the
environment (Fayer 1980), and therefore seasonal coccidiosis among some terrestrial animals is
the consequence of environmental conditions that are favorable to oocyst survival and
sporulation (Turner & Getz 2010). Little is known about the survival of piscine oocysts in the
aquatic environment. Goussia carpelli oocysts remained infective at least 18 months in pond
soils but were destroyed when pond sediments were air dried (Steinhagen & Hespe 1998).
The seasonal timing of G. bayae infections may also be an adaptation to enhance
dispersal and infection among the White Perch populations. Fish species infected by epicellular
Goussia spp (White Perch, Barbel, Dace, White Bream, Alewives, etc.) tend to aggregate and
spawn in spring. The semi-anadromous White Perch disperse over a wide range within tidal and
non-tidal portions of tributaries in Chesapeake Bay through much of the year but aggregate into
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dense shoals on spawning grounds during March and April. During the winter White Perch
reduce or stop feeding and bile volume in the gallbladder increases to maximum annual amounts
during spawning season. For G. bayae at least, this provides the opportunity to proliferate in
large numbers within a relatively large volume of bile, which is secreted into the intestine during
and immediately after spawning when fish are densely aggregated.
The prevalence of fish infected by G. bayae was 100% in all tidal tributaries sampled in
the upper Chesapeake Bay (Maryland). This result was somewhat surprising given that White
Perch populations in the Chesapeake Bay are composed of at least 3 separate stocks (Mulligan &
Chapman 1989), and that tagging data, meristics, salinity preferences and genetic evidence
indicates that mixing among stocks, or even many sub-estuaries, is likely limited (Mansueti
1961, Mulligan & Chapman 1989, Setzler-Hamilton 1991). Distinct stocks of White Perch
within Chesapeake Bay include: 1) the James and York Rivers, Virginia, 2) the Potomac River,
and 3) eastern shore tributaries and head of the Bay, with the Patuxent River a possible 4th stock
(Mulligan & Chapman 1989). However, periods of low salinity (<15) may temporarily lower a
barrier to immigration/emigration (Mulligan & Chapman 1989), and the relatively large
migratory contingent in the head of the Bay may result in low emigration rates to lower
tributaries (Kerr & Secor 2012). With such high prevalence of infection, low rates of mixing
among subpopulations of fish would likely be sufficient to increase the distribution of this
parasite. It is not known if the distribution of G. bayae extends into White Perch from the James
and York Rivers, two Rivers with the highest expected salinity barriers to fish movements, or in
neighboring watersheds such as the Delaware River. The lack of infections in reservoir fish
indicates that G. bayae may have been introduced to Chesapeake Bay White Perch after 1943
when the Triadelphia reservoir was created by damming a portion of the Patuxent River. It is
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also possible that reservoir fish lost G. bayae infections subsequent to segregation by damming,
as divergence of a host species into a more limited habitat range can result in decreased parasite
diversity and abundance (Grunberg et al. 2019).
There are few reports of coccidial species that primarily infect the gallbladder of fish and
amphibians (Lom & Dyková 1992, Duszynski et al. 2007). In fish, G. bayae infects the
gallbladder and bile ducts of White Perch (this study) and Eimeria parasilurus was reported from
the gallbladder only from the catfish Parasilurus asotus in China (Dyková & Lom 1983). Some
species of coccidia can infect multiple organs, and the gallbladder might be a secondary site of
infection. Goussia caseosa was described from the gallbladder of the Roughhead Grenadier
Macrourus berglax, but the primary sites of infection were the gas gland with an accumulation of
a semi-viscous material containing numerous sporulated oocysts in the swim bladder (Lom &
Dyková 1982). Goussia leucisci is a widely distributed species that infects the kidney of several
fish species; a single report listed oocytes in the kidney and gallbladder (Shulman & Zaika
1964). Eimeria cheissini and E. merlangi were also reported from the gallbladder of infected
fish in addition to the intestine and other tissues (Shulman & Zaika 1964, Dyková & Lom 1983).
The genus Choleoeimeria was proposed by Paperna and Landsberg (1989) to include coccidian
species that infect gallbladder epithelial cells in reptiles, and Eimeria stiedae is a well-known
coccidia of the liver and gallbladder of rabbits (Pakandl 2009).
The gallbladders of White Perch with high intensity coccidial infections appeared normal
grossly and microscopic lesions were generally limited to mild hypertrophy of the epithelium
while necrosis and inflammation were rare. The reports of other coccidians that infect the
gallbladder of fish are generally descriptive in nature with few or no comments on tissue lesions
or host responses (Dyková & Lom 1983, Lom & Dyková 1992, Molnár 2006a). Gallbladders
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from rabbits with E. stiedae infections generally exhibit few lesions, but distension has been
reported from marked proliferation of oocysts in bile prior to secretion into the intestine (Pritt et
al. 2012). In some species of reptiles however, high intensity infections by Choleoeimeria sp can
result in grossly visible lesions in the gallbladder wall consisting of patches of proliferating
coccidia, hypertrophied or thickened epithelium, submucosal inflammation, gallstones, and
sloughed cell debris in the lumen resulting in clinical signs of disease (Sloboda & Modrý 2006,
Szczepaniak et al. 2016). The gallbladder may serve as a site of endogenous coccidial
development or as a repository for sporulated oocysts prior to release into the intestine and out
into the environment (Paperna & Landsberg 1989, Pritt et al. 2012, this study).
Although the gallbladder appeared to be the primary site of infection in this study, lesions
were more commonly observed in intrahepatic bile ducts. Lesions including cholangitis and bile
duct necrosis correlated significantly with coccidial infections. A similar set of lesions can be
found in bile ducts of rabbits with hepatic coccidiosis disease from infections of E. stiedae
(Pakandl 2009). Eimeria stiedae spores are consumed by rabbits in contaminated food or water,
and migrate from the intestinal tract to the bile ducts through the lymphatic system or by other
means (Pritt et al. 2012). Development of E. stiedae occurs in the biliary epithelial tissues
resulting in enlarged and distended bile ducts with thickened walls and infiltrating inflammatory
cells (Pritt et al. 2012). Advanced infections may result in extensive hyperplasia of biliary
epithelial tissue, necrosis and sloughing of the biliary mucosa, accumulation of oocysts and cell
debris in biliary lumen, and cholestasis (Singla et al. 2000, Darzi et al. 2010, Pritt et al. 2012).
However, biliary hyperplasia in diseased rabbits is often characterized by papilloma-like masses
of cells (Singla et al. 2000), whereas in White Perch, biliary hyperplasia consisted of a
proliferation of well-formed bile ducts or ductules. Advanced E. stiedae infections in the liver of
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rabbits can progress to include wide-spread regressive changes within the hepatic parenchyma
and formation of grossly visible nodules consisting of fibrosis, necrotic tissue and masses of
gamonts and oocysts (Singla et al. 2000), while advanced lesions in the livers of White Perch had
limited involvement of the hepatic parenchyma.
Cholangiomas and hyperplastic biliary tissue have been observed in White Perch from
Chesapeake Bay prior to this study. May et al. (1987) reported a prevalence of 10% for
cholangiomas and 30-40% for bile duct hyperplasia from a total of 254 White Perch collected in
1982-84, and Bunton and Baski (1988) described cholangiomas in 2 of 21 fish collected during
or prior to 1987. Neither of these studies reported an association between coccidia or
myxosporeans and neoplastic host tissue, but the fish examined by May et al. (1987) were
collected during July-October each year when hepatic infections of G. bayae are at an annual
minimum. Myxosporean parasites have been observed in fish with proliferative biliary lesions or
cholangiolar neoplasia, including White Sucker Catostomus commersonii (Blazer et al 2014,
2017), Brown Bullhead Ameiurus nebulosus (Blazer et al 2006) and European Bullhead Cottus
gobia (Bucher et al 1992). However, no causal relationship has been established between
parasitism and neoplasia in fish, and fish with cholangiolar neoplasms are often reported from
contaminated habitats. Cholangiolar neoplasia has been linked to parasitism in humans. The
liver trematodes Clonorchis sinensis, Opisthorchis viverrini, and possibly Opisthorchis felineus,
can induce cholangiocarcinomas and other hepatobiliary pathology in humans, and is a major
health concern in many parts of Southeast Asia and Eastern Europe (Petney et al. 2013). A
proposed mechanism for neoplasia induction in humans involves combined effects of mechanical
injury to the biliary epithelium, toxic excretory molecules secreted by the trematodes, and
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chronic fibro-inflammation; all together, these changes can lead to proliferative lesions including
malignant transformation of cholangiocytes to cholangiocarcinomas (Sripa et al. 2013).
Infections of myxosporean plasmodia were statistically associated with bile duct
hyperplasia, and weakly (borderline not significant) with biliary neoplasia in this study. Bucher
et al. (1992) reported a proliferation of bile ducts in European bullhead Cottus gobio infected
with plasmodia of Zschokkella nova. Biliary neoplasms were only detected in 6% of fish in this
study, which likely limited the ability to make statistical inferences. A variety of coelozoic
myxosporeans infect the extrahepatic and intrahepatic bile ducts of fish (Feist & Longshaw
2006). Many of these myxosporeans are either innocuous or pathological effects of infection
have not been studied (Feist & Longshaw 2006). The plasmodia of some myxosporeans, such as
Chloromyxum cyprini, Zschokkella sp, Certaomyxa sp, and Myxidium sp, can achieve large sizes
resulting in distension of the bile ducts, pressure atrophy and necrosis of the duct epithelium,
inflammation and fibrosis (Dyková & Lom 2007). The plasmodia of the unknown myxosporean
in this study did not contact the epithelium or completely fill the luminal space, and therefore the
duct enlargement was characterized as a dilatation rather than distension, which may have
explained the lack of regressive changes in plasmodial infected ducts. More work will be needed
to identify or characterize the myxosporean parasite, determine the geographical and host
distribution, and to evaluate pathological effects in the liver and other tissues of White Perch.
It is likely that other factors contributed to the biliary lesions observed in White Perch in
this study. Cholangitis, cholangiofibrosis, hyperplasia, necrosis, cholangiomas and other biliary
lesions have been reported from fish collected from contaminated or degraded habitats (Myers et
al. 1987, Hayes et al. 1990, Murchelano & Wolke 1991, Myers et al. 1992, Baumann et al. 1996,
Feist et al. 2004). Specific etiologies of neoplasia are often lacking as wild fish are typically
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exposed to a complex mixture of chemical contaminants and environmental stressors (Grizzle &
Goodwin 2010). An exception, however, is the causal relationship established between
concentrations of polycyclic aromatic hydrocarbons (PAHs) in the environment and hepatic and
biliary lesions in the English sole Pleuronectes vetulus from Puget Sound and other locations
(Myers et al. 2003), and in the brown bullhead Ameiurus nebulosus from the Great Lakes region
and Chesapeake Bay (Rafferty et al. 2009). PAHs are rapidly biotransformed by the liver in fish
into more hydrophilic and often more toxic metabolites that accumulate in bile for excretion
(Van der Oost et al. 2003). Metabolites of PAHs in bile provide a good indicator of recent
exposure to PAHs, and links have been established between PAH exposure and hepatic and
biliary lesions in English sole, brown bullhead and other fish species (Krahn et al. 1986, Malins
et al. 1987, Van der Oost et al. 2003, Pinkney et al. 2004). However, a variety other chemical
contaminants discharged from wastewater treatment facilities and in agricultural and urban
runoff have not been adequately studied in wild fish populations, but may contribute to hepatic
and biliary lesions (Rafferty et al. 2009). Continued development of the Chesapeake Bay
watershed may lead to increased exposure of White Perch and other fish species to a variety of
chemical contaminants (King et al. 2004), but more data are needed to evaluate the relative
contributions of various stressors on hepatic and biliary lesions in these fish.
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Figures
Figure 1. Sampling locations in Chesapeake Bay for White Perch Morone americana. (A) Sites
where all fish (100% prevalence, n=30-60/site, closed circles) had Goussia bayae infections and
sites where no G. bayae infections (0% prevalence, n=30/site, open circles) were detected in fish
during spawning season, March-April 2017-2018. Inset map indicates location of Chesapeake
Bay along Atlantic coast of North America. (B) Sampling locations for fish in Choptank River,
2016-18.
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Figure 2. Total length and weight of White Perch collected from the Choptank River, 20162018. Boxes indicate 75th percentile (top line), median (middle line), and 25th percentile (bottom
line), while error bars indicate extreme values. Actual data points are presented when n<5 (ages
≥ 12).
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Figure 3. Monthly liver somatic index of White Perch collected from the Choptank River, 20162018. Boxes indicate 75th percentile (top line), median (middle line), and 25th percentile (bottom
line), while error bars indicate extreme values.
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Figure 4. Oocysts of Goussia bayae in bile collected from the gallbladder of White Perch
Morone americana. (A) Oocysts (o) in a grid square (arrow) of a Sedgewick-Rafter counting
chamber. Scale bar = 200µm. (B) Oocysts in various stages of sporulation (u: unsporulated; m:
mid-sporulation; s: sporulated). Scale bar = 50µm. Wet-mount preparations viewed with
Nomarski DIC.
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Figure 5. Prevalence and intensity of Goussia bayae in bile from the gallbladder of White Perch
collected from the Choptank River, 2016-2018. Annual fish spawning seasons are indicated by
light gray columns and error bars indicate the 95% confidence intervals. Water temperature
(black line) was measured at the sites of fish collection. Asterisks (*) indicate that no data were
collected during that sampling period.
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Figure 6. Monthly mean prevalence and intensities of Goussia bayae in the bile of the
gallbladder from White Perch collected from the Choptank River, 2016-2018. Error bars
indicate the 95% confidence intervals and bars with different letters indicate significant
differences (P <0.05).
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Figure 7. Seasonal development of Goussia bayae in the gallbladder of White Perch Morone
americana. (A) November, few parasitophorous vacuoles (p) emerging from apices of epithelial
cells. (B) December, some meronts (m) evident within vacuoles. (C) January, proliferation of
meronts (m). (D) February, meronts (m), microgamonts (mi) and macrogamonts (ma) are
evident along the epithelium. (E) March, marked increase in gamonts along epithelium, and
oocysts (o) in various stages of sporulation in the lumen. (F) April, lumen with large numbers of
sporulated oocysts (o). (G) May, gallbladder mostly devoid of coccidia. (H) June, coccidia rare
or absent in gallbladder. Scale bars = 20 μm. Hematoxylin and eosin.
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Figure 8. Seasonal development of Goussia bayae in the intrahepatic bile ducts (bd) of White
Perch Morone americana. (A) December, few parasitophorous vacuoles (p) emerging from
apices of epithelial cells. (B) January, some meronts (m) evident in vacuoles. (C) February,
proliferation of meronts, few microgamonts (mi) and macrogamonts (ma) evident. (D) March,
marked increase in numbers of gamonts and oocysts (o) in various stages of sporulation. (E)
April, increase in sporulated oocysts (o). (F) May, bd mostly devoid of coccidia. Scale bars =
20 μm. Hematoxylin and eosin.
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Figure 9. Monthly mean prevalence of parasites and biliary lesions in bile ducts of White Perch.
Myxosporean parasites were located in common bile duct, intrahepatic bile ducts, or both.
Prevalence of G. bayae in gallbladder is presented for comparison. Error bars indicate the 95%
confidence intervals. Different letters over error bars (G. bayae was analyzed separately by
organ) indicate significant differences (P <0.05).
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Figure 10. Gallbladder with severe coccidiosis in White Perch Morone americana. (A)
Inflammatory cells in the submucosa (*) and necrosis and sloughing of infected mucosa (arrow).
Scale bar = 100 μm. (B) Coccidia (c) among necrotic epithelial cells. Scale bar = 20 μm.
Hematoxylin and eosin.
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Figure 11. Normal intrahepatic bile ducts of White Perch Morone americana. (A) Bile duct
(bd) in the hepatocyte parenchyma and within a tract of hepatic portal vein (hpv), exocrine
pancreas (ep), and hepatic artery (ha). Bile ducts and exocrine pancreas are not associated with
central veins (cv). Scale bar = 100 μm. (B) Bile ductule (du) with a simple cuboidal epithelium
and bile duct with distinct columnar epithelium (e) containing rodlet cells (r) and an outer
connective tissue wall (cw). Scale bar = 20 μm. Hematoxylin and eosin.
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Figure 12. Degenerative and inflammatory lesions in intrahepatic bile ducts of White Perch
Morone americana infected with G. bayae. (A) Periductal accumulation of inflammatory cells
(*). Scale bar = 20 μm. (B) Mild hypertrophy of bile duct epithelium (e) during low intensity
infection. Scale bar = 50 μm. (C) Separation of duct epithelium (arrow) from connective tissue
wall. Scale bar = 50 μm. (D) Lamellated epithelium (e) during meront (m) proliferation. Scale
bar = 50 μm. (E) Necrosis of epithelium (e) during gamont proliferation. Scale bar = 50 μm. (F)
Necrotic epithelium (e) and compressed connective tissue wall (cw) with infiltrating
inflammatory cells (*) in a duct distendeded from proliferation of oocysts (o). Scale bar = 50 μm.
(G) Severe fibro-inflammatory response (*) replacing necrotic epithelium (e) and connective
tissue wall (cw) of duct. Scale bar = 50 μm. (H) Duct during resolution of seasonal coccidiosis;
lumen with debris and few coccidia, regenerated cuboidal epithelium (e), and macrophage
aggregates (*) and other inflammatory cells in the connective tissue wall. Scale bar = 100 μm.
Hematoxylin and eosin.
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Figure 13. Proliferative and neoplastic biliary lesions in livers of White Perch Morone
americana infected with G. bayae. (A) Hyperplasia of bile ducts (bd) in a biliary-venouspancreatic tract. Scale bar = 100 μm. (B) Hyperplasia of ductules (du) in a nest-like arrangement.
Scale bar = 100 μm. (C) Fibrosis (*) surrounding hyperplastic bile ducts (bd). Scale bar = 50 μm.
(D) Well-differentiated cholangioma (*). Scale bar = 100 μm. (E) Thickened connective tissue
wall (w) of cholangioma from (from D). Scale bar = 50 μm. (F) Thin connective tissue wall (w)
with macrophage aggregates (*) bordering a well-differentiated cholangioma that contains a
coccidium (c). Scale bar = 50 μm. (G) Poorly-differentiated cholangiocarcinoma (*) within
hepatic parenchyma. Scale bar = 100 μm. (H) Ductular structure (ds) of cholangiocarcinoma
invading neighboring hepatic parenchyma; coccidia (c) and myxosporean plasmodia (pl) are
evident in ductular structures. Scale bar = 40 μm. Hematoxylin and eosin.
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Figure 14. Myxosporean infections of White Perch Morone americana. (A) Plasmodia (arrow)
in common bile duct. Scale bar = 200 μm. (B) Plasmodia (arrow) in intrahepatic bile duct. Scale
bar = 100 μm. (C) Developing spores (arrow) in plasmodia. Scale bar = 20 μm. (D) Mature
spores in bile. Defocused spore (arrow) demonstrating surface ridges. Scale bar = 10 μm.
Hematoxylin and eosin (A,B,C), unstained Nomarski DIC.
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Figure 15. Intestinal coccidial infection of White Perch Morone americana. (A) Mixed
coccidiosis. Bar = 100 μm. (B) Goussia bayae. (C) Coccidia 1 with knob-like Steida body. (D)
Coccidia 2 with cap-like Steida body. (E) Coccidia 1 in intestinal mucosa. (F) Coccidia 2 in
intestinal mucosa. Scale bars (B,C,D,E,F) = 10 μm. Intestinal scrapes, unstained Nomarski DIC
imaging (A,B,C,D), hematoxylin and eosin (E,F).
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Figure 16. Line drawings of intestinal coccidia in White Perch. (A) coccidia 1. (B) coccidia 2.
Scale bar = 10 μm.
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Tables
Table 1. Mean total length (TL) and weight (± SD) of White Perch collected from the Choptank
River, 2016-2018.
Month

Sex

n

TL (mm)

Weight (g)

January

F

55

206 ± 14

125 ± 30

M

35

200 ± 14

115 ± 26

F

68

199 ± 20

115 ± 42

M

52

195 ± 16

106 ± 31

F

105

208 ± 20

128 ± 46

M

75

200 ± 15

110 ± 29

F

98

209 ± 17

119 ± 33

M

82

200 ± 17

105 ± 29

F

118

192 ± 16

90 ± 23

M

61

182 ± 11

78 ± 16

F

79

212 ± 23

132 ± 39

M

71

202 ± 16

112 ± 30

F

100

202 ± 22

115 ± 39

M

50

202 ± 16

118 ± 29

F

80

206 ± 21

125 ± 38

M

40

200 ± 14

109 ± 26

F

89

205 ± 18

117 ± 34

M

31

194 ± 15

96 ± 25

F

75

206 ± 18

124 ± 38

M

44

194 ± 12

103 ± 22

F

77

199 ± 14

110 ± 22

M

43

195 ± 19

106 ± 15

February

March

April

May

June

July

August

September

October

November
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December

F

39

198 ± 12

109 ± 22

M

21

192 ± 13

100 ± 24
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Table 2. Logistic regression of parasite infections and bile duct lesions in White Perch.
Parasite

Lesion

Coefficients

SE

Z

P

G. bayae

Cholangitis

0.953

0.224

4.261

<0.001

Necrosis

1.088

0.371

2.930

0.003

Hyperplasia

0.192

0.239

0.801

0.223

Cholangioma

-0.857

0.438

-1.056

0.068

0.163

0.270

0.604

0.546

Necrosis

0.185

0.332

0.565

0.579

Hyperplasia

0.982

0.253

3.879

<0.001

Cholangioma

0.750

0.424

1.769

0.076

Myxosporean Cholangitis
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Table 3. Association between coccidial and myxosporean infections and biliary lesions in the
liver of White Perch. Predicted probabilities with 95% confidence intervals (95% CI) were
determined using logistic regression. I: cholangitis; N: necrosis; H: hyperplasia; C:
cholangioma.
Goussia bayae
Lesion

Myxosporean plasmodia

Predicted P

95% CI

Predicted P

95% CI

none

0.449

0.389 – 0.510

0.169

0.129 – 0.218

I

0.716

0.621 - 0.796

0.144

0.092 - 0.218

N

0.731

0.532 - 0.866

0.209

0.111 - 0.359

H

0.468

0.351 - 0.593

0.343

0.235 - 0.463

C

0.280

0.132 - 0.500

0.307

0.152 - 0.523

I*N

0.894

0.792 - 0.949

0.180

0.105 - 0.291

I*N*H

0.902

0.807 - 0.953

0.357

0.240 - 0.495

I*N*H*C

0.815

0.598 - 0.929

0.548

0.322 - 0.756

N*H*C

0.586

0.293 - 0.829

0.595

0.321 - 0.820

I*H

0.733

0.629 - 0.817

0.299

0.207 - 0.409

I*C

0.547

0.314 - 0.761

0.268

0.123 - 0.489

N*H

0.748

0.537 - 0.883

0.402

0.228 - 0.604

N*C

0.566

0.279 - 0.814

0.367

0.160 - 0.638

H*C

0.298

0.136 - 0.534

0.530

0.302 - 0.745
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Table 4. Liver volume (Vliv), gallbladder volume (Vgall), and stereological estimates of
intrahepatic bile ducts (Vbd: volume, Lbd: length, Sbd: mucosal surface area) and gallbladder
mucosal surface area (Sgall) of White Perch Morone americana during maximum (April) and
minimum (August) coccidial infections. Values are given as means ± SD. Outcome P-values
were determined by ANOVA with glm. Coefficients of error (CE) are given for each
stereological estimate; n=10 for each combination of sex and month.
Vliv

Vgall

Vbd

Lbd

Sbd

Sgall

Sex

Month

(cm3)

(cm3)

(mm3)

(m)

(cm2)

(cm2)

Male

April

2.6 ± 0.6

2.12 ± 0.98

14.1 ± 5.0

2.42 ± 0.91

1.99 ± 1.52

7.26 ± 3.18

August

1.5 ± 0.4

0.42 ± 0.21

8.0 ± 3.3

1.99 ± 0.33

1.84 ± 0.96

9.22 ± 4.50

April

4.8 ± 2.1

2.86 ± 0.82

12.9 ± 4.2

2.58 ± 0.86

2.61 ± 1.31

8.87 ± 2.88

August

1.9 ± 0.4

0.57 ± 0.54

7.5 ± 4.5

2.16 ± 0.45

1.66 ± 0.95

9.39 ± 2.77

↓

↓

↓

↓

↓

↓

month

0.0011

<0.001

0.0088

0.0665

0.3266

0.4296

sex

0.0176

0.1795

0.6867

0.8407

0.6861

0.5647

↓

↓

↓

↓

0.074

0.097

0.091

0.102

Female

Outcome
(P values)

CE
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Table 5. Coccidia found in the intestine of White Perch Morone americana during spring. Measurements are given as mean ± SD
and (range) in μm; n=40 for each species.
Oocyst

Sporocyst

Species

Infection site

Diameter

Micropyle

Length

Width

L/W ratio

Steida body

Residua

Goussia bayae

gallbladder,

26.2x22.2a

yes

12.6 ± 0.6

7.8 ± 0.8

1.6 ± 0.1

no

no

bile ducts

(22-30,18-25)

(10.2-14.1)

(6.3-9.1)

(1.4-1.9)

Intestine,

12.1 ± 0.4

6.2 ± 0.3

4.1 ± 0.3

1.5 ± 0.05

yes, knob

no

pyloric cecae

(11.2-12.8)

(5.8-6.8)

(3.9-4.5)

(1.4-1.6)

Intestine

14.6 ± 0.8

8.2 ± 0.4

5.3 ± 0.3

1.6 ± 0.06

yes, cap

yes

(7.6-9.0)

(4.8-5.9)

(1.5-1.7)

Coccidia 1

Coccidia 2

no

no

(13.2-15.8)
a

Oocysts were ellipsoidal, measurements given as L x W, SD = 2.1.
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Chapter Six: High prevalence of biliary neoplasia in white perch Morone americana from
Chesapeake Bay, Maryland, USA: potential roles of bile duct parasites and environmental
contaminants

Abstract:
Recent surveys of white perch Morone americana from Chesapeake Bay revealed a high
prevalence of hepatic and biliary lesions, including neoplasia, and bile duct parasites. Here, we
describe lesions in the liver and gallbladder and evaluate for statistical associations among
lesions, parasites, and biomarkers of chemical exposure in fish from two tributaries of
Chesapeake Bay, USA. Fish were collected from an estuarine site in the Choptank River (n =
122, ages 3-11), a tributary with extensive agriculture within the watershed, and the Severn River
(n = 131, ages 2-16), a tributary with extensive urban development. Passive integrative samplers
were deployed at the fish collection site and an upstream, non-tidal site in each river for 30 days.
Intrahepatic biliary lesions observed in fish from both rivers included neoplasia (23.3%),
dysplasia (16.2%), hyperplasia (46.6%), cholangitis (24.9%) and dilated ducts containing
plasmodia of Myxidium sp. (24.9%). Hepatocellular lesions included foci of hepatocellular
alterations (FHA, 15.8%) and neoplasia in 4 Severn River fish (2.3%). Age of fish and
Myxidium sp. infections were significant risk factors for proliferative and neoplastic biliary
lesions, age alone was a risk factor for FHA, and Goussia bayae infections were associated with
cholangitis and cholecystitis. Lesion prevalence was higher in fish from the Severn River, which
contained higher concentrations of polycyclic aromatic hydrocarbons (PAH), organochlorine
pesticides, and brominated diphenyl ethers. Metabolite biomarkers indicated higher PAH
exposures to Severn River fish. This study suggests that Myxidium sp. may be a promoter of bile
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duct tumors but more data are needed to evaluate the biological effects of environmental
contaminants in this species.

1. INTRODUCTION
White perch Morone americana are native to Atlantic slope drainages from Canada to South
Carolina and are abundant in most tributaries of Chesapeake Bay. A moderately low tolerance to
salinity (<15 ppt) somewhat limits the distribution and movement patterns of this species to
within tributaries in the mid to lower Chesapeake Bay, whereas fish commonly utilize habitat in
the main stem of the upper Bay where salinity is usually low (Setzler-Hamilton 1991). The
partial isolation of white perch within many tributaries has contributed to the formation of at
least 3 separate stocks within the Bay watershed including: 1) the James and York Rivers,
Virginia, 2) the Potomac River, and 3) eastern shore tributaries and head of the Bay, with the
Patuxent River a possible 4th stock (Mulligan & Chapman 1989). Tagging data, meristics, and
genetic evidence indicates that mixing among stocks, or even many sub-estuaries, is likely
limited (Mansueti 1961, Mulligan & Chapman 1989, Setzler-Hamilton 1991). Spawning occurs
in the spring near the salt front within tidal tributaries, and juveniles recruit into either a nonmigratory freshwater contingent, or a migratory estuarine contingent that disperses downstream
(Kerr et al. 2009). At the head of the Bay where salinity is low, spawning occurs within the
lower reaches of tributaries and the main stem of the Bay. White perch are a demersal rover
predator species, but there is evidence that site fidelity to a limited home range may further limit
fish movements within tributaries during summer or early fall (McGrath & Austin 2009).
The health or condition of white perch that are partially isolated may reflect the types and
magnitudes of stressors in the tributaries in which the fish reside. Evidence for this in white
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perch has come from an examination of tissue contaminants and health biomarkers. Total
polychlorinated biphenyls (PCBs) in the tissues of white perch varied significantly among 14
tributaries of Chesapeake Bay, and strongly correlated to the percent of commercial development
within the sub-watersheds (King et al. 2004). The authors suggested that white perch would be a
useful sentinel species for identifying other tributaries with a risk of PCB contamination (King et
al. 2004). In a survey of fish from tidal Chesapeake Bay, a pattern emerged in which
concentrations of methylmercury in tissues of white perch were significantly higher in eastern
shore tributaries compared to western shore tributaries (Mason et al. 2006). More recently,
health biomarkers and tissue contaminants were significantly different in white perch at an
impacted urban site in the Tred Avon River, a sub-tributary of the Choptank River, compared to
relatively un-impacted rural sites further downstream during summer and early fall (McLaughlin
et al. 2018). White perch that occupied the impacted site exhibited physiological indicators of
stress (health index scores, leukopenia and neutrophilia, elevated volumes of splenic macrophage
aggregates and increased parasitism) and significantly greater tissue concentrations of PCBs,
dichlorodiphenyltrichloroethanes (DDTs) and polybrominated diphenyl ethers (PBDEs)
compared to fish downstream (McLaughlin et al. 2018). Declines in abundance of white perch
have also been linked to the extent of development within sub-watersheds based on regional
differences in land use activities (Uphoff Jr et al. 2011). Development, as measured by the
percentage of impervious surface within a sub-watershed, has been strongly linked to declines in
dissolved oxygen and increases in erosion, sedimentation, temperature, nutrients, and
contaminant loads (Wheeler et al. 2005).
Neoplasms and other related lesions have been reported in the liver of white perch from
Chesapeake Bay, which may indicate a sensitivity to degraded habitats. A high prevalence of
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bile duct hyperplasia (30-40%), non-invasive cholangiomas (CAs; 10%), hepatocellular
adenomas (5%) and foci of hepatocellular alteration consisting of either clear cell or basophilic
forms (5%) were reported by May et al. (1987). The proliferative and neoplastic lesions were
observed in fish (n = 254) collected from 15 sub-estuaries during 1982-1984 as part of routine
health monitoring, but prevalences were not reported by tributary or region of the Bay (May et
al. 1987). Bunton and Baksi (1988) also reported cholangiomas in 2 white perch as part of a
study of abnormal hepatic copper storage in this fish species from Chesapeake Bay (Bunton et al.
1987). There was an age-related increase in copper concentrations, bile duct hyperplasia,
periductal inflammation, and disruptions to hepatocellular architecture (Bunton et al. 1987). The
etiology of hepatic lesions observed in white perch in the 1980s was not investigated, but Bunton
and Baksi (1988) speculated that pollutants may have played a role. Matsche et al. (2019)
reported a suite of bile duct lesions including inflammation, necrosis, hyperplasia, non-invasive
cholangiomas, and invasive cholangiocarcinomas in the liver of white perch as part of a study of
the coccidian Goussia bayae. Coccidiosis was significantly associated with inflammatory and
degenerative lesions (atrophy or necrosis) of the bile ducts, while the plasmodial stage of an
unidentified myxozoan parasite (Myxidium sp.) was significantly associated with bile duct
hyperplasia, and both parasites were occasionally observed within cholangiolar neoplasms
(Matsche et al. 2019). There is, however, currently no information available on the prevalence,
geographic distribution, etiologies, or possible risk factors for hepatic neoplasia in white perch.
Several potential risk factors for biliary or hepatocellular neoplasia have been documented in
other fish species. High prevalences of hepatocellular and cholangiolar neoplasms have been
reported in several wild fish populations in the United States including English sole Parophrys
vetulus from Puget Sound, Washington (Myers et al. 1987), winter flounder Pseudopleuronectes
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americanus from Boston Harbor, Massachusetts (Murchelano & Wolke 1991), brown bullhead
Ameiurus nebulosus from Black River, Ohio (Baumann et al. 1987) and Anacostia River,
Washington D.C. (Pinkney et al. 2001). Multiple studies provided compelling evidence for
causal relationships between environmental contaminants and liver neoplasms and related lesions
in these fish populations. Strong evidence accumulated for specific etiologies such as exposures
to elevated concentrations of environmental polycyclic aromatic hydrocarbons (PAHs) for
English sole and brown bullhead (Myers et al. 2003, Pinkney et al. 2019), while neoplasia in
winter flounder was strongly associated with sewage discharge (Moore et al. 2018). There was
also some evidence, although less compelling and consistent, linking liver neoplasia with other
contaminants such as PCBs (Chang et al. 1998, Myers et al. 2003, Pinkney et al. 2019). Johnson
et al. (2014) suggested that PCBs and DDT are possible promoters of liver neoplasia. Other
causes of neoplasia in fish include oncogenic viruses, mycotoxins, and radiation, but these
etiologies have not been associated with hepatocellular or cholangiolar neoplasia in wild fish
populations (Grizzle & Goodwin 2010). Age and sex of fish are risk factors for liver tumors in
species such as brown bullhead (Pinkney et al. 2009) and English sole (Myers et al. 1998)
exposed to elevated environmental PAHs.
The findings of neoplastic and other lesions in white perch by Matsche et al. (2019)
prompted the present study. We selected the Choptank and Severn Rivers for sampling based on
differences in geographic location and contrasting land use patterns within the sub-watersheds
(2013 high-resolution land use dataset, Chesapeake Bay Program Office, Annapolis, MD). The
Choptank River watershed (216,225 ha on the eastern shore of the Bay) consisted of 11% urban,
38% agriculture, 28.5% forest and wetland, 2.7% open space, and 19.8% water, while the Severn
River watershed (22,251 ha on the western shore of the Bay) consisted of 41.7% urban, 1.9%
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agriculture, 32.3% forest and wetland, 3.6% open space, and 20.5% water. The percent of the
watershed as impervious surface was 2.8% for the Choptank River and 16.1% for the Severn
River. Differences in land use activities and the extent of development within a watershed can
impact fish habitat quality and environmental contamination (King et al. 2004, Uphoff Jr et al.
2011).
This report describes recent investigations of neoplasia, parasites, and biomarkers of
contaminant exposure in white perch from the Choptank and Severn Rivers. The goals of this
study were to 1) describe and document the prevalences of hepatic and biliary lesions; 2)
determine trends in prevalences of Goussia bayae and Myxidium sp.; 3) sample rivers for select
groups of environmental contaminants; 4) measure metabolites of PAHs from the bile of fish as a
biomarker of PAH exposure; and 5) examine statistical associations among lesions, parasites,
biomarkers of exposure, age of fish and other factors.

2. MATERIALS AND METHODS
2.1 Study sites and sampling procedures
Adult white perch were collected from tidal reaches of the Choptank and Severn Rivers from
February 25 to March 28, 2019. Fyke nets were deployed in areas of the upper estuary in both
rivers (Fig. 1). Nets were set and fished for about 24 h and fish collected were transferred to a
holding tank containing aerated river water. Fish were transport to the Cooperative Oxford
Laboratory and held alive in the holding tanks for up to 24 h prior to euthanasia and necropsy.
Fyke nets were fished a total of 3 times at the same locations in each river at approximately
weekly intervals during the collection period (Table 1).
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Waterborne environmental contaminants were sampled using semipermeable membrane
(SPMD) and polar organic chemical integrative sampling (POCIS) devices (EST-Lab,
Environmental Sampling Technologies, Inc., Missouri, USA). SPMD membranes were 91.4 mm
long and contained 1 ml (0.915g) ultra-high purity Triolein. Each SPMD was spiked with the
following performance reference compounds: Dibenz[a,h]Anthracene-d14, Anthracene-d10,
Fluoranthene-d10, 3,5-DCB, 2,4,5-TCB, and 2,2’,4,6’-TetraCB. Each POCIS membrane was
made from 220mg of Oasis-HLB. Passive samplers were deployed on February 19, 2019 at 1
non-tidal freshwater site (Watts Creek, 38.8629º N, 75.8072º W) and 1 site in the upper estuary
(Ganey’s Wharf, 38.8053º N, 75.9091º W) of the Choptank River, and in 1 non-tidal freshwater
site (Severn Run, 39.0865º N, 76.6327º W) and 1 site in the estuary of the Severn River
(Arlington Echo, 39.0780º N, 76.6059º W) (Figure 1). At each site, stainless steel carrier
assemblies containing 9 POCIS membranes and 2 SPMD membranes were mounted on a custom
platform of concrete cinder blocks and placed on the river bottom to achieve a depth of 30-45
cm. All samplers were retrieved on March 20 for a 30 day deployment in each river.
Deployment and retrieval followed manufacturer’s directions including the use of field blanks at
each site.

2.2 Environmental contaminant analysis
Passive sampler carriers were shipped to EST-Lab for extractions. Of the 9 POCIS
membranes deployed at each site, 2 POCIS membranes were extracted in each of 3 ampules with
25 ml of methanol per POCIS, 1 POCIS membrane was extracted with 25 ml of methanol into a
4th ampule, and 2 POCIS membranes were extracted into an ampule with 80/20 methylene
chloride / methyl tert-butyl ether (25ml/POCIS). Each of the SPMDs per site were cleaned,
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rinsed with HCL and hexane, dried, and extracted into hexane by dialysis. Following
extractions, samples were concentrated using a Kuderna-Danish concentrator and a nitrogen
blow-down apparatus. All ampules of extracts were flame-sealed and shipped to either SGS
AXYS (Sidney, BC, Canada) for chemical analysis or the National Fish Health Research
Laboratory, Kearneysville, WV, for storage. Extracts were analyzed for PAH (SGS AXYS
Method MLA-021), organochlorine pesticides (SGS AXYS Method MLA-028), and brominated
diphenyl ethers (BDE, SGS AXYS Method MLA-033) using low or high resolution mass
spectrometry. Concentrations reported here are the time-weighted averages for the 30 day
deployment period.

2.3 Fish necropsy and laboratory procedures
Fish were euthanized with a lethal dose of tricaine methanesulfonate (MS-222, Argent
Finquel®, Redmond, Washington) immediately prior to necropsy. Fish were examined for any
grossly apparent lesions and weight (Wf, g), total length (TL, mm) and sex were recorded. The
liver was excised and the gallbladder contents were drained into 2 ml glass amber vials. The
gallbladder was then separated from the liver and the liver was weighed (Wl) to determine
hepatosomatic index (HSI = Wl/Wf × 100). The liver was placed flat on a tissue trimming board

and cut into multiple slabs that were approximately 3 mm thick using a tissue trimming knife.
Slabs were divided into multiple pieces, if necessary, to fit in standard tissue cassettes. The
number of pieces resulting from this process was proportional to the size of livers and ranged

from 5-15. Each gallbladder was placed into a tissue cassette and all tissues were preserved in
10% neutral buffered formalin. Fixed tissues were processed for routine paraffin infiltration and
embedding, a single section was cut from each liver piece and gallbladder at 5 μm, and sections
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were routinely stained with hematoxylin and eosin. Select slides were stained with Rubeanic
acid for copper (Presnell & Schreibman 1997). Otoliths were removed from each fish and used
to determine fish age by counting the number of annuli (Quist et al. 2012). Fulton’s condition
factor (K) was calculated as K = Wf/TL3 × 100 (Ricker 1975).

Histological sections were examined for lesions and parasites. Parasite prevalence was the

number of fish with either coccidial stages in the gallbladder, bile ducts or both (G. bayae), or
the number of fish with plasmodia in the common bile duct, intrahepatic bile ducts, or both
(Myxidium sp.). Lesion diagnosis was based on the descriptions of Blazer et al. (2006, 2007) and
Feist et al. (2004) from fish livers, and Lewis et al. (2010) for description of biliary dysplasia
from human livers. Proliferative lesions of bile duct branches were categorized as biliary
hyperplasia, dysplasia or neoplasia. Biliary neoplasms were categorized as non-invasive
cholangiomas (CA) or invasive cholangiocarcinomas (CCA). Proliferative hepatocellular lesions
were categorized as either foci of hepatocellular alteration (FHA) or neoplasia. FHA were
further categorized by cytoplasmic features or staining properties including: eosinophilic,
basophilic, clear cell, vacuolated, and mixed cell. Hepatocellular neoplasms were categorized as
non-invasive adenomas (HA) or invasive carcinomas (HC) (Blazer et al. 2006). Imaging was
performed using an Olympus BX50 microscope, DP25 digital camera, and CellSens Dimension
software.
Goussia bayae infections can vary widely in intensity in bile ducts of white perch. Peak
coccidiosis occurs during fish spawning season in March and April and is associated with
cholangitis, which includes epithelial attenuation or degenerative changes to infected epithelium
and inflammation of the biliary tract (Matsche et al. 2019). Plasmodial stages of Myxidium sp.
can vary markedly in size but are less variable in seasonal intensity, and are associated with
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pronounced dilatation and hyperplasia of intrahepatic bile ducts in white perch (Matsche et al.
2019). Therefore, subjective (ordinal) scoring systems were used to evaluate relative parasite
intensities (G. bayae), or relative size and abundance (Myxidium sp.) in histological sections
(Table 1). Each fish was assigned an index score of relative coccidial intensity (CI) in
intrahepatic bile ducts, from 0-4, based on evaluation of all tissue sections (Table 1). All
developmental stages of coccidia (epicellular trophozoites, meronts and gamonts; coelozoic
oocysts) were included in the scoring system. Each fish was also assigned an index score of
relative overall plasmodial abundance (PI) in intrahepatic bile ducts (Table 1). An ordinal scale
was devised to estimate plasmodial abundance in an infected duct based on the lumen diameter
(Table 1); size or number of plasmodia in an infected duct was generally proportional to the
extent of duct dilatation. Each infected bile duct was assigned a duct score (ds) based on the
maximum cross-sectional diameter of the lumen (Fig. 2). The plasmodial index score (PI) was
determined for each fish by summing individual ds: PI = ∑dsi.

2.4 Bile chemical analysis
A subset of 100 bile specimens (collected from 25 males and 25 females from each river)
were shipped to the University of South Florida, College of Marine Science for biliary PAH
metabolite analysis. Bile samples (3 μL) from white perch were analyzed for naphthalene
(NAPm), phenanthrene (PHEm) and benzo[a]pyrene (B[a]Pm) metabolite equivalents using high
performance liquid chromatography fluorescence detection (HPLC-F) (Krahn et al. 1984, Snyder
et al. 2015). Separations of PAH equivalents were achieved using a C18 reverse-phase column
(Synergi 4 μm Hydro-RP 80A, Phenomenex, Torrence, CA) set at 50°C with a 1.0 mL/min
gradient starting with 95% water containing 0.5% Acetic Acid and 5% methanol to 100%
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methanol (Optima LC/MS Grade). Fluorescence responses were measured at the
excitation/emission wavelength pair for NAPm (292/335 nm), PHEm (260/380 nm) and B[a]Pm
(380/430 nm) equivalents. All peaks within the PAH metabolite equivalent elution time window
(5-19 minutes) were integrated and summed. Following previously validated methodology, the
fluorescence responses were converted to PAH metabolite equivalents, also known as fluorescent
aromatic compounds (FAC), using naphthalene (2.5 µg/mL), phenanthrene (1.0 µg/mL), and
benzo[a]pyrene (250 ng/mL) external standards and the following formula:

Biliary PAH FACs =

std. concentration
mean std. area

×

integrated sample area
bile density

×

vol. of standard (10µL)
vol. of sample (3µL)

where bile density is 1.03 g/mL. Final data are reported as µg FAC/g rounded to two significant
figures.
To ensure data of the highest quality, a quality assurance and quality control (QA/QC)
program was in place to monitor background contamination, precision and accuracy. Methanol
blanks were analyzed prior to every standard and field sample to monitor carryover and
background contamination. Any peaks found in the solvent blanks within the target elution
window were subtracted from the field samples. All field samples were analyzed in triplicate.
Any triplicates with a coefficient of variation (CV) greater than 20% were reanalyzed until
QA/QC requirements were met (CV ≤ 20%). Continuing calibration standards for naphthalene,
phenanthrene and benzo[a]pyrene were analyzed every 12 field samples maintaining a CV ≤
20%. Successful inter-laboratory calibration exercises were performed between Northwest
Fisheries Science Center, Mote Marine Laboratory and the University of South Florida to
confirm concentrations for metabolite equivalents.
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2.5 Data analysis
Analyses were performed with R statistical software (Version 3.6.0 with RStudio Version
1.2.1335) (R Core Team 2018) with a significance level of α = 0.05. Attempts to fit fish growth
models (Bertalanffy, Gompertz, logistic) to white perch data were made with R package
`fishmethods’ (Nelson 2019). General linear models (GLMs) with Tukey HSD post hoc
comparisons were used to evaluate fish TL, Wf, K, Wl, and HSI by river, sex and age. Logistic
regression models were used to test for relationships between lesion categories (predictor
variables) and potential risk factors (response variables: river, age, sex, K, HSI, NAPm, PHEm,
and B[a]Pm). Alternative logistic models including reduced number of response variables were
compared using Akaike Information Criteria scores (AIC). The ability of non-neoplastic
intrahepatic biliary lesions (inflammation, cholangitis, hyperplasia, and dysplasia) to predict CA
or CCA was evaluated by fitting data to the logistic regression model with the prediction
function in R software (package = `ROCR`; Sing et al. 2015). Logistic regression models were
also used to evaluate potential factors that may contribute to infection of G. bayae or Myxidium
sp. in white perch. Finally, a general linear model was used to evaluate potential factors (river,
age, sex, K, and HSI) that might significantly influence the concentrations of NAPm, PHEm, and
B[a]Pm in fish.

3. RESULTS
3.1 Fish collections
A total of 253 white perch were collected including 122 from the Choptank River and 131
from the Severn River (Table 2). Age range of fish was 3-11 from Choptank River and 2-16
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from Severn River. Females comprised 51% of the fish collected from the Choptank River and
53% of fish from the Severn River. Model results indicated that Severn River fish were
significantly larger in TL and Wf, and that in general, TL and Wf increased with age (Table 2).
However, variation in TL within dominant year classes was high and none of the tested growth
models fit the data significantly. Therefore, TL was a poor predictor of age overall (Fig. 3).
Model results also indicated that K was higher among Severn River fish and females but did not
vary significantly with age (Table 2).
Liver color varied generally by sex, from a reddish-brown to tan. Female livers were
generally darker in color than male livers. Wl and HSI were significantly higher in Severn River
fish and in females, and varied significantly with age (Table 2). Gallbladders typically contained
copious amounts of bile (> 1.0 ml), which ranged in color from yellow-green to dark blue-green.

3.2 Environmental contaminant concentrations
A total of 44 PAHs were detected from the passive sampler extracts, including naphthalenes
(12), phenanthrenes (10), pyrenes (4), fluoranthenes (3), and others (Table 3). Fluoranthene,
pyrene and phenanthrene were highest in concentration overall. Chrysene, fluoranthenes,
pyrenes, and most phenanthrene and anthracene congeners were higher in concentration in
Severn River samples, and all detected PAH congeners or forms were higher in concentration in
the non-tidal Severn River sample (Severn Run) compared to the non-tidal Choptank sample
(Watt’s Creek) (Table 3). Fluoranthenes were 12-36 times higher, chrysene was 36 times higher,
anthracenes were up to 25 times higher, and pyrenes were either only detected or were 13 times
higher in the Severn Run sample compared to Choptank Watt’s Creek sample (Table 3). Most
naphthalenes, biphenyl, acenaphthalene, and acenaphthene were highest overall in concentration
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in the Choptank estuarine sample (Ganey’s Wharf), but were lower in concentration in Choptank
Watt’s Creek sample compared to the Severn Run sample (Table 3).
The highest concentrations of organochlorines detected in this study were all from the Severn
Run sample and included dieldrin, heptachlor epoxide, and alpha and gamma chlordane (Table
3). Dieldrin was 2.8 times higher, heptachlor was 4 times higher, and heptachlor epoxide was 7
times higher in concentration in the Severn Run sample than in Choptank Watt’s Creek sample
(Table 3). Toxaphene was detected in both Choptank samples (8.9 and 8.0 ng/g) but was not
detected from either Severn River sample.
A total of 7 congeners or mixtures of BDEs were detected in this study. The highest
concentrations detected were for BDE-47 and BDE-99. All congeners except BDE-183 were
highest in concentration in the Severn Run sample, while BDE-183 was highest in the Severn
Arlington Echo sample. BDE congeners ranged from 1.7 to 2.5 times higher in concentration in
the Severn Run sample compared to the Choptank Watt’s Creek sample (Table 3).

3.3 Bile PAH metabolite concentrations
The metabolite highest in concentration in the bile of white perch was NAPm, while B[a]Pm
concentrations was lowest (Fig. 4). The range of bile metabolite concentrations (µg FAC/g) for
NAPm was 0.49-380 (Choptank R.) and 2.1-620 (Severn R.), 0.69-130 (Choptank R.) and 3.2130 (Severn R.) for PHEm, and was 0.04-1.7 (Choptank R.) and 0.02-2.2 (Severn R.) for
B[a]Pm. GLM analysis indicated that mean concentration of PHEm was significantly greater in
Severn River fish, and that the mean values of NAPm and B[a]Pm were higher in Severn River
fish but were borderline not significant. Concentrations of NAPm and PHEm varied
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significantly by age (Table 4). In general, metabolite concentrations were highest in age 4-7 fish
(Fig. 4).

3.4 Normal hepatic and biliary tissues
The liver of white perch is a compact, heart-shaped organ (Fig. 5A) that partially envelops
portions of the gastric and pyloric stomach and anterior intestine. The architecture of the liver,
gallbladder and related tissues is similar to other perciform teleost fish. We refer the reader to
Groman (1982) for a thorough description of the normal histological features of the liver,
gallbladder and related tissues of the congener striped bass Morone saxatilis. Examples of
normal hepatocyte and biliary tissues in white perch are presented in Figures 5 and 6.

3.5 Liver histopathology
The prevalence of G. bayae was 100% for fish from both rivers but intensity of infections
varied (Table 5). No lesions or hypertrophy of the biliary epithelium was observed with low to
moderate intensity infections (Fig. 7A). Coccidial cholangitis, which was diagnosed here as
atrophy or necrosis of the biliary epithelium and periductal inflammation (Fig. 7B), was
associated with increased intensity of coccidia in duct branches. Model results indicated that CI
and cholangitis were significantly greater in Severn River fish and varied significantly by age
(Table 5, Fig. 8A,B). Pearson chi-square test indicated a significant increase in proportion of
fish with coccidial cholangitis with increasing CI (χ2 = 152.2, P < 0.0001). Cholangitis was
evident in 0% of fish with CI of 1 or 2, 57% of fish with CI of 3, and 100% of fish with CI of 4.
Plasmodia of Myxidium sp. were observed in intrahepatic bile ducts and hepatic ducts, less
commonly in common bile duct, but not in the gallbladder. Myxospores, however, collect in the
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bile of the gallbladder and were observed in bile wet mounts (see Matsche et al. 2019). The
prevalence of Myxidium sp. was 23.8% in Choptank River fish and 26.0% in Severn River fish,
which was not significantly different (Table 5). Plasmodia were ribbon-like structures that
consisted of an outer dense eosinophilic ectoplasm and a vacuolated endoplasm with myxospores
in various stages of development. The size (maximum diameter) of plasmodia in sections varied
from <50 μm to more than 900 μm. The duct branch generally dilated around and conformed to
the shape of the plasmodia (Fig. 2) and there were no connections or contact between the
epithelium and plasmodia. The prevalence of Myxidium sp. and PI increased significantly with
age (Tables 5-6, Fig. 8C,D).
Biliary hyperplasia was evident in this study as increased numbers of duct branches of
normal architecture (Fig. 9A). Hyperplasia was most commonly observed within pancreatic
venous biliary or pancreatic venous biliary arteriole tracts and the size range of proliferating
ducts often varied widely (Fig. 9A). The mucosa of hyperplastic ducts was comprised of a single
uniform layer of epithelial cells. The abundance of rodlet cells in hyperplastic ducts (Fig. 9B)
appeared to be similar compared to normal bile ducts. Hyperplasia was also evident as clusters
of small ducts in a nest-like arrangement within a common connective tissue layer (Fig. 9C,D).
Nuclear atypia was rare in hyperplastic ducts (Fig. 9B-D). Moderate fibrosis was occasionally
observed (Fig. 9E), and more rarely, severe fibrosis, which could envelop multiple neighboring
ducts was also observed (Fig. 9F). The prevalence of hyperplasia was 42.6% in Choptank River
fish and 50.4% in Severn River fish (Table 7). Model results indicated that hyperplasia was
significantly associated with Myxidium sp. infections and increased significantly with age (Table
8, Fig. 8E).
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Biliary dysplasia was indicated by a proliferation of atypical epithelial cells within the
submucosa of hepatic duct branches (Fig. 10A,B), within the connective tissue layer of larger
bile ducts (Fig. 10C,D), or as malformed small bile ducts (Fig. 10E,F). Dysplastic epithelial
cells were generally pleomorphic and formed scattered small clusters or were in duct-like
arrangement with a central lumen-like space, many of which appeared to be blind (Fig. 10B), and
in some fish, dysplastic epithelial cells were hyperchromatic and attenuated compared to nondysplastic biliary mucosa (Fig. 10D). Dysplasia was also evident as the formation of small bile
duct branches with an abnormal architecture including pleomorphic epithelial cells in an
irregular arrangement that were occasionally more than two cells thick or with small lumen-like
spaces within the mucosa (Fig. 10E). Longitudinal sections through small dysplastic bile ducts
revealed areas with crowded or piled up clusters of epithelial cells that projected into the luminal
space (Fig. 10F). Occasionally, neighboring or apposing clusters appeared to converge (Fig.
10F) or fill portions of the lumen. While the epithelial cells of dysplastic biliary tissue were
pleomorphic in size and shape, atypical nucleoli and rodlet cells were not commonly observed
(Fig. 10F). Dysplastic lesions were small and did not form nodules, but multiple dysplastic
lesions were evident in the livers of more severely affected fish. The prevalence of biliary
dysplasia was 14.8% of Choptank River fish and 17.6% of Severn River fish (Table 7). Results
of logistic models indicated that biliary dysplasia was significantly associated with Myxidium sp.
and increased significantly with age (Table 8, Fig. 8F).
CA consisted of nodules of biliary epithelial tissues in densely packed bile duct-like
arrangements within a fibrous stroma (Fig. 11A). All CA observed in white perch had distinct
margins and were well-differentiated with ducts of irregular shape, size and architecture. Most
CA consisted of ducts with pleomorphic columnar epithelial cells, relatively narrow lumina, and
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no or markedly reduced outer connective tissue layer (Fig. 11A-C), while some CA were
composed of low columnar or cuboidal epithelial cells and dilated lumina (Fig. 11D,E). Fibrosis
or inflammation was uncommon (Fig. 11G,H), while coccidia (Fig. 11C) and Myxidium sp. (Fig.
11G,I) were occasionally observed within CA. The nuclei of cells within CA were generally
more pleomorphic in size and shape compared to normal or hyperplastic bile ducts, with
occasional multiple or fragmented nucleoli, but mitotic figures were uncommon (Fig. 11C,F,H).
The size of CA varied in tissue sections from about 200-1,800 μm in diameter. Four CA (3.3%
prevalence) were observed in Choptank River fish, while 10 CA (7.6%) were observed in Severn
River fish (Table 7).
CCA were masses of irregularly shaped bile duct-like structures or clusters of pleomorphic
biliary epithelial cells in disorganized arrangements (Fig. 12A). The morphology of the biliary
tissues within CCA varied from highly pleomorphic with no or little discernable duct-like
formations (Fig. 12B,C), to moderately well-differentiated ducts (Fig. 12D,E). Atypical nuclei
were commonly observed within CCA, including multiple or fragmented nucleoli or
occasionally, with mitotic figures (Fig. 12C,E). The margins of CCA also varied, from indistinct
zones of pleomorphic duct-like elements intermixed with neighboring pancreatic or hepatic
tissues (Fig. 12A-C) to areas with a distinct edge separating tumor from non-neoplastic tissues
(Fig. 12A,D). CCA were also observed that were composed of a disordered mass of ductule-like
elements (Fig. 12F), which projected into neighboring tissues at the tumor margins (Fig. 12G).
Peripheral aggregations of inflammatory cells (Fig. 12H), Myxidium sp. (Fig. 12I), and coccidia
were occasionally observed in CCA. Macrophage aggregates were less likely to be found within
moderately well differentiated areas of CCA (Fig. 12A), but were more commonly found
scattered within poorly differentiated regions of CCA or in areas of tumor invasion (Fig. 12A,F).
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While most CCA were focal in distribution, a few fish had multifocal tumors of variable size
scattered throughout the liver, some of which were grossly visible in trimmed liver slabs (Fig.
12J,K), and some fish livers had both CA and CCA. The prevalence of CCA was 17.2% in
Choptank River fish and 22.9% in Severn River fish (Table 7). Modeling results indicated that
age and Myxidium sp. were significant risk factors for biliary neoplasia (Table 9). The
prevalence of bile duct neoplasia (CA and CCA) increased with age (Fig. 8G). Alternate models
with combinations of TL, Wf, HSI, and K were compared, but these variables were not
significant and all resulted in higher AIC scores. Logistic models also indicated that hyperplasia
and dysplasia significantly predicted CA and CCA (Table 10). The predicted probabilities for
CA and CCA were highest for hyperplasia and dysplasia and decreased when other variables
were introduced (Table 11).
An extrahepatic CCA was also identified within the common bile duct of a Severn River fish.
This CCA was a grossly visible mass (8-10 mm diameter) that was partially covered with
adipose tissue (Fig. 13A). Microscopic examination of this CCA indicated masses of highly
irregular duct-like structures or clusters of pleomorphic epithelial cells within an extensive
fibrous stroma (Fig. 13B,C).
The most numerous hepatocellular lesions of note were FHA. All FHA were round to
irregular lesions in sections (Fig. 14A) with moderately distinct margins and no signs of adjacent
tissue compression (Fig. 14B-F). Eosinophilic FHA contained hepatocytes with increased
eosinophilic staining and were slightly enlarged compared to normal hepatocytes (Fig. 14B).
Basophilic FHA had increased basophilic staining in the hepatocyte cytoplasm and were
generally similar in size compared to normal hepatocytes (Fig. 14C). Hepatocytes within
vacuolated FHA contained micro- or macro-vesicular lipid-like accumulations (Fig. 14D), while
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hepatocytes of clear cell FHA contained predominantly glycogen-like deposits (Fig. 14E).
Mixed cell FHA consisted of both vacuolated and glycogen-like deposits within the hepatocyte
cytoplasm (Fig. 14F). Most nuclei of vacuolated FHA and many nuclei of mixed cell FHA were
displaced to the cell periphery depending on the size of vacuole in the cytoplasm, while nuclei of
clear cell FHA were centrally located (Fig. 14. D-F). Hepatocytes of vacuolated, clear cell, and
mixed cell FHA were slightly enlarged compared to normal hepatocytes. Overall, prevalence of
FHA was 13.9% in Choptank River fish and 17.6% in Severn River fish (Table 7). The most
numerous type of FHA was eosinophilic, which were primarily found in Severn River fish, while
mixed cell FHA were least abundant (Table 7). Prevalence of FHA increased with age (Table
12, Fig. 8H).
Neoplasms of hepatocyte origin were found in 4 fish from the Severn River (Table 6). HA (n
= 3) consisted of large round nodular lesions, the largest of which was evident grossly within the
liver (Fig. 15A). The margins of HA were distinct, hepatocytes within the HA were more
eosinophilic, larger, and contained markedly less cytoplasmic granules, and the sinusoidal
pattern differed from that of normal liver (Fig. 15B,C). Sections stained with Rubeanic acid
indicated extensive copper-positive cytoplasmic granules in normal liver, while HA generally
contained few or no copper-positive granules (Fig. 15D). Atypical nuclei or nucleoli and mitotic
figures were rare in HA cells. Macrophage aggregates were occasionally found at the tumor
margin, but were otherwise rarely observed within HA (Fig. 15C,D). A single fish from the
Severn River contained multiple foci of HC. The tissue organization within the HC was highly
irregular with a mix of more normal appearing hepatic cords, cords that were three or more cells
thick, or with clusters of hepatocytes not in typical cord-like arrangements (Fig. 15E). The
margins of the HC varied from distinct to irregular with HC hepatocytes projecting into adjacent
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non-neoplastic liver (Fig. 15F). In general, the HC hepatocytes were more eosinophilic and
contained less glycogen deposits compared to the non-neoplastic hepatocytes in this fish (Fig.
15F). Hepatocytes arranged in clusters within the HC were smaller, more densely stained, had
reduced cytoplasm with no lipid or glycogen deposits, and had higher frequency of nuclear
atypia, double nuclei, and occasional mitotic figures (Fig. 15G) compared to HC hepatocytes
arranged in cord-like structures. All HA and HC were large lesions, greater than 3 mm diameter
in sections.

3.6 Gallbladder histopathology
Lesions observed in the gallbladder were associated with coccidial infections. Prevalence of
Goussia bayae in histological sections of the gallbladder was 100% for both rivers, but intensity
varied from <10 coccidia to several thousands per section of gallbladder. Lesions were not
observed in gallbladders with low intensity infections, while mild hypertrophy of the epithelium
was occasionally noted in fish with moderate intensities of epicellular coccidial stages (Fig.
16A). Coccidial cholecystitis was associated with high intensity infections; lesions varied from a
lamellation (formation of a lamellate mucosa) and atrophy of the epithelium during proliferation
of epicellular stages (Fig. 16B) to epithelial necrosis and inflammation of the submucosa during
high intensity infections (Fig. 16C). Hyperplasia, dysplasia or neoplasia were not observed in
the gallbladder of any fish in this study.

225

4. DISCUSSION
4.1 Lesion prevalence and fish condition
Histopathology results indicated a high prevalence of proliferative cholangiolar lesions,
including neoplasia, moderately high prevalence of FHA, and few hepatocellular neoplasms in
the livers in white perch from two geographically separate sampling sites in Chesapeake Bay that
were also dissimilar in terms of types and degrees of urbanization. Proliferative and neoplastic
lesions were first reported in the livers of white perch by May et al. (1987). However, the types
and morphology of the lesions reported differed somewhat than those reported here despite the
fact that May et al. (1987) collected a similar number of fish. Although a similarly high
prevalence of bile duct hyperplasia was observed, the authors reported no invasive CCA and
hepatocellular lesions (HA, HC and FHA) consisted only of clear cell and basophilic forms (May
et al. 1987). Invasive CCA were first reported in white perch by Matsche et al. (2019), and in
the present study, were the predominant neoplastic lesion type. In addition, a more diverse array
of FHA types was evident in this study and all HA and HC were composed of hepatocytes with
distinctly eosinophilic cytoplasm. Clear-cell and basophilic hepatocellular lesions observed in
this study were diagnosed as FHA based on the absence of cell or nuclear atypia, no perceptible
differences in hepatic cord structure compared to neighboring hepatic parenchyma, and in the
absence of compression of the adjacent parenchyma. There are several possible reasons for the
discrepancy in lesions between the present study and that of May et al. (1987). The fish
sampling locations of May et al. (1987) included 15 sub-estuaries, which encompassed a broader
range of sites compared to this study, including sub-populations of white perch exposed to
different types and magnitudes of stressors or mixes of lesion initiators and promoters. There
could also have been a change in the types and magnitude of stressors from the early 1980s until
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the present resulting in a morphologically different set of hepatic and biliary lesions. Also, it is
possible that some lesions diagnosed as clear cell adenomas from the 1987 tissues, were FHA.
In this study, we observed slight enlargement of clear cell, vacuolated, or mixed cell FHA as a
result of cytoplasmic deposits, but the cord structure was otherwise normal. We attempted to
locate the tissue and slides from May et al. (1987) for comparative purposes, but were not
successful.
Prevalence of cholangiolar neoplasia (CCA and CA) was 23% overall in this study, which is
markedly high compared to other wild fish populations from impacted sites. Reported
prevalences of CCA or CA in English sole varied from 3.4-12% (CCA) from a creosote impacted
harbor in Puget Sound (Malins et al. 1985), 7% CCA and 0.5% CA in winter flounder from a
sewage impacted Boston Harbor (Murchelano & Wolke 1985), and 3-13% CCA and CA in
brown bullhead from the Anacostia River, Washington DC (Pinkney et al. 2004b). The
prevalence of liver neoplasms in brown bullhead from 8 areas of concern (AOC) in Lake Erie
ranged from 3.9-25%, of which, 70% of those neoplasms were CA or CCA (Blazer et al. 2009).
Bile duct neoplasms (CA and CCA) ranged in prevalence from 2.5-9.5% in white sucker
Catostomus commersonii from 4 AOC of western Lake Michigan tributaries (Blazer et al. 2017).
When bile duct neoplasms are reported by type, CCA tend to be more common in chemical
contaminant-impacted fish populations than CA (Malins et al. 1985, Murchelano & Wolke 1985,
Moore & Stegeman 1994, Blazer et al. 2017, Pinkney et al. 2019).
Hepatocellular neoplasia (HA and HC) was uncommon in white perch in this study (2.3%
overall). Examination of lesion profiles reported from other impacted fish populations indicates
that the relative prevalence of hepatocellular and biliary neoplasms can vary. Brown bullhead
from the Anacostia River had 47-87% prevalence of HA or HC, which was markedly higher than

227

biliary neoplasms (Pinkney et al. 2004b). Mummichogs Fundulus heteroclitus from a creosote
impacted site in the Elizabeth River, Virginia, had a 35% prevalence of HA or HC but only
11.4% of those fish had proliferative bile duct lesions, which may have contained a mix of
hyperplastic and neoplastic lesions (Vogelbein et al. 1990). However, among various reference
populations of brown bullhead in Chesapeake Bay (Choptank, Rhode, Severn, and South Rivers),
bile duct neoplasms were more common than hepatocellular neoplasms (Pinkney et al. 2011).
Various differences in lesion profiles among wild fish populations may reflect differences in
tumor initiators, promoters (including parasite-induced bile duct hyperplasia/dysplasia) or cocarcinogens at impacted sites, or species-specific differences in sensitivity to carcinogens.
Non-neoplastic proliferative lesions observed in this study included bile duct hyperplasia and
dysplasia. Other proliferative lesions often reported in impacted fish populations, including this
study, include increased macrophage aggregates, periductal inflammation or inflammation
associated with neoplasms, and cholangiofibrosis (Murchelano & Wolke 1985, Myers et al.
1987, Vogelbein et al. 1990, Blazer et al. 2017). In humans, biliary dysplasia, also known as
atypical epithelial hyperplasia, is characterized histologically as multi-layering of epithelial cells
into clusters or micro-papillary formations that project into the duct lumen (Shimonishi et al.
2000). Low grade dysplasia is characterized by an adenomatous appearance with elongated and
crowded nuclei that generally retain nuclear polarity, while high grade dysplasia is characterized
by marked nuclear pleomorphism, hyperchromasia, loss of nuclear polarity at the epithelial
surface, and cribriforming architecture (Lewis et al. 2010). In humans, dysplasia is considered a
preneoplastic lesion in CCA as a result of primary sclerosing cholangitis (Lewis et al. 2010) and
liver fluke infections (Zimmermann 2017). In these diseases, tissue changes proceed from
hyperplasia to dysplasia to neoplasia. While there are some similarities between the dysplastic
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lesions of white perch and those in humans (cellular multi-layering), there are also several
differences. Nuclear pleomorphism and hyperchromasia is described in humans and was not
observed in the white perch, while some of the lesions we categorized as dysplastic consisted of
epithelial proliferations in the connective tissue or submucosal layers in white perch. Abnormal
proliferations of epithelial cells in the connective tissue layer or submucosa of ducts may be
characterized as carcinoma in situ or may be a developing CCA. However, we found no cellular
hallmarks of CA or CCA and therefore categorized these lesions as dysplasia.
In fish, atypical proliferations of ductular epithelial cells and cholangiofibrosis are commonly
reported findings in experimental neoplasia, and these abnormalities may represent a preneoplastic condition in those species (Bunton 1996). Guppies exposed to diethylnitrosamine
(DEN) developed 2 types of bile duct proliferations, a reversible hyperplasia of normal duct
architecture that decreased after dosing was discontinued, and irreversible proliferations of
atypical ducts that persisted (Parland & Baumann 1985). The descriptions of atypical bile duct
proliferations resembled somewhat the lesions reported here as dysplasia, including a
proliferation of epithelial cells that occasionally filled the duct lumen, formed blind sacs, or
formed misaligned ducts (Parland & Baumann 1985). Further work will be necessary to
determine lesion progression and the role of biliary dysplasia in white perch. However, the
highly significant correlations between biliary hyperplasia, dysplasia, and neoplasia in logistic
models implicates biliary dysplasia to be part of an age- and myxozoan-related disease process
and may be considered to be putatively pre-neoplastic for CA or CCA.
Eosinophilic and clear cell forms were the most common FHA encountered in this study.
Among brown bullhead, basophilic, eosinophilic, vacuolated, and clear cell FHA have been
reported (Blazer et al. 2006). Basophilic FHA were more common in brown bullhead from the

229

Black River, Ohio (Baumann et al. 1990), while eosinophilic and vacuolated FHA were more
common in fish across a wider range of sites around Lake Erie (Blazer et al. 2009). Basophilic
FHA tend to be most common among flatfish from contaminated sites, such as English sole,
European flounder Platichthys flesus, dab Limanda limanda, and winter flounder (Murchelano &
Wolke 1985, Myers et al. 1987, Feist et al. 2004, Lang et al. 2006), although other forms of FHA
may predominate in some locations (Vethaak & Wester 1996). FHA have been best described in
laboratory rodents (Bannasch et al. 1997, Ruebner et al. 1997). The increased eosinophilia of
eosinophilic FHA may be attributed to an increase in smooth endoplasmic reticulum (ER), while
increased rough ER may account for the basophilia of basophilic FHA, but other biochemical
and ultrastructural changes are involved. Vacuolated, clear cell, and mixed cell FHA contain,
respectively, increased cytoplasmic deposits of lipids, glycogen, or both compared to
neighboring non-FHA hepatocytes. Basophilic FHA have been demonstrated to be preneoplastic in several fish species such as rainbow trout Oncorhynchus mykiss, medaka Oryzias
latipes, guppy Poecilia reticulata, and sheepshead minnow Cyprinodon variegatus (Hendricks et
al. 1984, Hinton et al. 1988, Hawkins et al. 1990), but there is less direct evidence that other
types of FHA are preneoplastic. Several field studies have established strong associations
between contaminant exposures, occurrence of neoplasms and multiple FHA types, which are
now considered to be putatively pre-neoplastic (Murchelano & Wolke 1991, Myers et al. 1991,
Feist et al. 2004).
In this study, fish from the more polluted Severn River were larger (TL and Wf) and had
significantly higher K compared to fish from the Choptank River. In contrast to this finding,
decreased growth rates are one of several possible sub-lethal effects in fish populations from
contaminated sites as energy may be diverted from somatic growth to detoxification or tissue
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repair processes (Hamilton et al. 2016). For example, laboratory exposures of contaminated
sediments from a contaminant-impacted harbor and estuary to juvenile turbot Scophthalmus
maximus for up to 21 days resulted in significantly decreased growth rates, RNA-DNA ratios,
condition and stored lipids (Kerambrun et al. 2012). The decrease in physiological status of
exposed turbot was directly related to increasing metal concentrations and PAH metabolites in
bile. Many other studies report decreased growth rates, condition, or energy metabolism in
populations from impacted sites or in response to experimental exposures (Collier et al. 2013).
There are at least two possible reasons why white perch from the more polluted Severn River
exhibited higher growth rates and K. First, environmental conditions in the Severn River may be
more favorable to growth of white perch despite having higher contaminants. However, a review
of water quality and living resources data indicates that nutrients (e.g. nitrogen and
phosphorous), benthic biomass and index of biological integrity are greater in the Choptank
River (Chesapeake Bay Program. 2020) suggesting that growth conditions are probably better in
the Choptank River. A more likely explanation for decreased growth in the Choptank River
population is a density-dependent population stunting, characterized by reduced growth at age
and decreased age range. Stock assessment of white perch is not conducted regularly in the
Severn River, however, so a comparison of these populations is not possible until more data are
collected.

4.2 Risk factors for biliary and hepatic lesions
Infection of the plasmodial stage of Myxidium sp. in the biliary system was a highly
significant risk factor for bile duct hyperplasia, dysplasia and neoplasia in this study. This is the
first report, to the best of our knowledge, providing statistical evidence linking myxozoan
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infections with biliary neoplasia in fish. A previous study by Matsche et al. (2019) also
identified a significant correlation between plasmodia and biliary hyperplasia. Myxozoan
plasmodia have been observed in proliferative and neoplastic biliary lesions in other fish species,
but there is little evidence linking the parasites and lesions (Bucher et al. 1992, Blazer et al.
2007, Blazer et al. 2014). Bucher et al. (1992) reported some observational evidence indicating
that bile duct hyperplasia and other lesions were the result of Zschokkella nova infections in
Cottus gobio from sewage-impacted sites. Cholangiolar lesions (hyperplasia, inflammation and
fibrosis) were evident in fish with Zschokkella nova infections, but only hepatocellular lesions
(disrupted architecture, fatty degeneration, necrosis) were evident in uninfected fish at the same
sites (Bucher et al. 1992). Neither May et al. (1987) nor Bunton and Baksi (1988) reported
myxozoan infections in white perch. An examination of tissues from the Registry of Marine
Pathology, Cooperative Oxford Laboratory, indicates that Myxidium sp. and Goussia bayae were
present in the Choptank River white perch population since at least 1982 (accession # 4694), but
there is no information on prevalence.
Several species of trematodes have been associated with biliary neoplasia or tumor-like
lesions in infected humans and other mammals. The liver flukes Clonorchis sinensis,
Opisthorchis felineus, and Opisthorchis viverrini cause cholangitis, abnormal proliferations of
epithelial cells and CCA in humans, predominantly in Southeast Asia where infestation rates are
high (Zimmermann 2017). Clonorchis sinensis and Opisthorchis viverrini (and likely O.
felineus) are major causative agents of CCA within their range of distribution and are classified
as class I carcinogens (Petney et al. 2013). The trematodes Fasciola hepatica and F. gigantica
can also cause chronic cholecystitis, cholangitis and liver cirrhosis similar to clonorchiasis but a
clear association with neoplasia has yet to be established (Zimmermann 2017). In fish, several
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parasites have been associated with abnormal proliferative lesions, including neoplasia, in
various tissues. Hoferellus (Mtiraspora) carassii (myxozoa) infections in goldfish Carassius
auratus can cause a dysplastic/hyperplastic transformation of the renal epithelium resulting in
kidney enlargement disease (Ahmed 1974). The microsporidium Nucleospora salmonis has been
associated with a leukemia-like condition in salmonids (Hedrick et al. 1990). There is evidence
that the capillarid nematode Pseudocapillaria tomentosa may be a promotor of intestinal tumors
in zebrafish Danio rerio exposed to the PAH 7,12-dimethylbenz[a]anthracene (DMBA) (Kent et
al. 2002)
Age was also identified as a significant risk factor for bile duct proliferative and
neoplastic lesions in this study. Age was a significant risk factor for liver neoplasia and FHA in
English sole, white croaker Genyonemus lineatus, and starry flounder Platichthys stellatus from
impacted sites on the U.S. Pacific coast (Myers et al. 1998), and in brown bullhead from sites or
tributaries to Lake Erie (Baumann et al. 1990, Rutter 2010) and white suckers in tributaries of
Lake Michigan (Blazer et al. 2017). The probability of liver tumors increased with TL in brown
bullhead from Chesapeake Bay, but age was not a significant covariate in the final best-fit model
(Pinkney et al. 2019). Age related increase in tumor prevalence indicates the chronic nature of
biliary neoplasia in white perch and other fish species. The risk of tumor induction likely
increases with exposure to chemical carcinogens or other etiologies, and a period of latency may
extend the time from initiation to progression into a neoplasm (Grizzle & Goodwin 2010). Sex
has been shown to be a significant factor in several neoplasia epizootics, with females often at
higher risk (Pinkney et al. 2009). However, there is currently no evidence of a sex-related risk
for neoplasia in white perch.

233

4.3 Environmental contaminants and biomarkers of exposure
Higher molecular weight PAH (fluoranthene, pyrene, chrysene) were markedly higher in
concentration in the Severn River samples, while lower molecular weight naphthalenes were
somewhat higher in concentration at the estuarine site in the Choptank River. Surprisingly, some
classes of organochlorine pesticides (chlordane, heptachlor, nonachlor, dieldrin) were higher in
concentration in Severn River sites despite the markedly higher proportion of agricultural land in
the Choptank River watershed. Other classes of organochlorine compounds were similar in
concentration at sites in both rivers. Interestingly, most contaminants measured here were higher
in concentration in the upper non-tidal site in the Severn River, but within the Choptank River,
most contaminants were higher at the downriver estuarine site. In prior studies, sediment
chemistry indicated lower total PAH, high molecular weight PAH, PCB, DDT and total
chlordane in Tuckahoe River, a branch of the Choptank River, compared to the Anacostia River
sediments (Pinkney et al. 2001), and Back River and Furnace Creek sediments (Pinkney et al.
2004a). A broader survey of contaminants (metals, PAH, chlorinated pesticides, PCB)
throughout Chesapeake Bay indicated a general pattern of higher contamination in the upper Bay
and within western shore tributaries including the Severn River compared to the Choptank River
and other eastern shore tributaries (Hartwell & Hameedi 2007).
The biomarker results indicated that exposures to low and high molecular weight PAHs
were generally higher in Severn River fish, which corresponds to higher environmental
concentrations. While biomarkers of exposure have not been evaluated in white perch before,
there is evidence of an association between environmental PAH and exposures in other fish
species. Brown bullhead from multiple tributaries of Chesapeake Bay have been studied to
determine the extent of neoplasia in the region and risk factors for disease. Fish populations
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from the Tuckahoe River and the Choptank River were compared to rivers impacted from
industrial or sewage effluents. Metabolites in bile of brown bullhead (NAPm, PHEm, B[a]Pm)
from Choptank River (Pinkney et al. 2011) and Tuckahoe River were significantly lower than
concentrations from the Anacostia (Pinkney et al. 2004b), Back River and Furnace Creek
(Pinkney et al. 2004a), which corresponded to differences in environmental contaminants.
Similar trends associating biliary metabolites with environmental PAH have been demonstrated
in other fish species (Collier & Varanasi 1991, Collier et al. 1993), indicating the usefulness of
bile metabolites as a reliable biomarker of PAH exposure (Van der Oost et al. 2003).
Biomarkers of PAH exposure provided strong evidence linking environmental PAH to
hepatic and cholangiolar neoplasms in English sole and brown bullhead from contaminated sites
(Myers et al. 1998, Pinkney et al. 2004b, Myers et al. 2008). However, there is currently no
evidence linking neoplasia to PAH in white perch. Logistic models did not demonstrate an
association between biomarkers of PAH exposure and neoplastic lesions in this study. There
may be several reasons for this lack of association. Environmental PAH might not be associated
with the neoplastic lesions observed in white perch, or the metabolite and tumor dataset for white
perch may be insufficient. Less than half of the lesions observed in this study (40% of the FHA,
46% of CA or CCA, and 25% of HA or HC) were found in the subset of 100 fish examined for
bile metabolites. In addition, differences in the time scale between metabolism of contaminants
and tumor progression make it difficult to establish a link. Bile metabolites represents a shortterm biomarker of exposure to environmental PAH. Metabolites can first appear in the bile of
exposed fish within minutes to hours and can persist for days to weeks (Collier & Varanasi 1991,
Brumley et al. 1998). However, the age-related increase in neoplasia prevalence in white perch
suggests a time scale of years for tumor progression. While increasing the sample size of the
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metabolite and tumor database, as well as adding more sampling sites in an effort to create a
gradient of environmental contaminant exposure should help clarify associations, including a
longer-term biomarker of exposure or effect, such as concentration of DNA adducts (Van der
Oost et al. 2003), may be necessary to link PAH exposures to neoplasms in white perch, if such a
link exists.

4.4 Potential roles of contaminants and parasites
The strong association between hyperplastic, dysplastic, and neoplastic lesions with
plasmodia suggests that Myxidium sp. may be a promoter for biliary tumors. Evidence from
studies of brown bullhead and contaminants in Chesapeake Bay indicates relatively low tumor
prevalence and environmental contaminants in the Choptank River compared to more polluted
tributaries (Pinkney et al. 2019). The brown bullhead population in the Choptank River has the
3rd lowest liver tumor probabilities, among a group of 9 tributaries considered as reference
populations for the Chesapeake Bay area (Pinkney et al. 2019), and biomarkers of exposure
reflected lower environmental contaminants and were similar to concentrations in the bile of
white perch (Pinkney et al. 2004b, Pinkney et al. 2011). However, in the Choptank River, biliary
neoplasms were far more common in white perch while the prevalence of hepatocellular
neoplasms in both species was low (2-3%) (Pinkney et al. 2019). This illustrates that white
perch may be more sensitive than brown bullhead to comparable environmental stressors or that
differences in the prevalence of neoplasia between white perch and brown bullhead from
Choptank River were from other factors such as Myxidium sp. infections. Myxozoans have not
been reported in the bile ducts of brown bullhead from the Choptank or Severn Rivers, but
myxozoan infections have been reported in bile ducts of brown bullhead and white suckers from
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impacted sites within the Great Lakes. It has been hypothesized that myxozoan infections may
have contributed to the proliferative or neoplastic lesions in the liver of those species (Blazer et
al. 2007, Blazer et al. 2017).
Myxidium sp. was strongly associated with proliferative and neoplastic biliary lesions in
white perch but not FHA. The lesion profiles in the livers of fish populations from impacted
sites typically includes FHA, and statistical associations have been established between
environmental and experimental PAH exposures, FHA and neoplasia (Hawkins et al. 1988,
Myers et al. 1998, Pinkney et al. 2004b). This suggests that Myxidium sp. may be less influential
on hepatocellular lesions or that Myxidium sp. infections may co-vary with other tumor initiators
or promoters and have no direct role with the observed lesions. Survey data so far indicates
however that Myxidium sp. infections in white perch occur over widespread locations
encompassing a range of habitats in the Choptank, Severn and other rivers, and are not just in
areas of high environmental contamination. Future surveys of brown bullheads, white perch and
other fish species for neoplasia should include analysis for biliary myxozoans or other parasites.
Chronic cholangitis from Goussia bayae infections may also have a role in tumor progression
in white perch (Coussens & Werb 2002). Development of Goussia bayae is highly seasonal,
resulting in seasonal biliary coccidiosis (SBC) in 100% of white perch during spring spawning
(Matsche et al. 2019). Moderate to severe cholangitis is common during SBC and can
encompass inflammation and degenerative changes in infected bile ducts and neighboring
hepatic parenchyma. Occurrence of SBC has been documented in the spring since at least 2015
in the Choptank River population (M. A. Matsche, unpublished data), indicating that fish
experience a chronic infectious stressor annually, to varying degrees. Another coccidia, Eimeria
steidiae causes similar chronic inflammatory and proliferative lesions in the bile ducts of rabbits
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including periductal fibro-inflammation and abnormal proliferations of biliary epithelium into
papilliform masses of cells that project into the duct lumen (Singla et al. 2000).
It is likely that moderate to severe inflammation and atrophy or necrosis in the liver from
SBC is accompanied by oxidative stress (Marcogliese et al. 2005). Chronic inflammation has
been strongly linked to neoplastic transformation by generating free radicals and release of
soluble signaling molecules (e.g. cytokines and chemokines) that can cause DNA damage or
interfere with DNA repair processes (Federico et al. 2007). In general, the risk of neoplastic
transformation increases with the extent or persistence of inflammation (Federico et al. 2007).
The liver flukes Opisthorchis viverrini and Clonorchis sinensis cause CCA in humans (Petney et
al. 2013). Pathogenesis research has implicated the following mechanisms that contribute to
CCA formation from fluke infections: 1) mechanical damage to the biliary epithelial tissue, 2)
immunopathology from chronic inflammation, and 3) toxic effects of molecules secreted or
excreted by the parasites (Sripa et al. 2012). Of these three mechanisms, only damage to biliary
epithelia has been established in SBC. It is not known if SBC elicits similar immunopathology
(e.g. upregulation of toll-like receptors and pro-inflammatory cytokines or interleukins)
(Ninlawan et al. 2010), or secretes or releases proteins or other substances that promote
malignant transformations (Smout et al. 2009). However, the chronic inflammation and
degenerative changes often observed with SBC may foster conditions that promote neoplastic
progression.
Several PAHs detected in this study are known or suspected carcinogens, including
benz[a]anthracene, benzo[b]fluoranthene, benzo[a]pyrene, dibenz[a,h]anthracene, indeno[1,2,3cd]pyrene, benzo[k]fluoranthene, and chrysene (IARC 2012, NTP 2016). While most
carcinogenicity information is known from rodent studies (IARC 1983, USDHHS 1995), there is
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experimental evidence that PAHs induce neoplasia in fish (Hawkins et al. 1990). Waterborne
exposures of 0.20-0.27 μg/g benzo[a]pyrene to medaka Oryzias latipes and guppy Poecilia
reticulata (Hawkins et al. 1988), and exposures of 11.3-64.2 ng/g 7,12dimethylbenz[a]anthracene to guppies (Hawkins et al. 1989) resulted in FHA or neoplasia. In
addition, aqueous exposures of mixed PAH extracts from sediments containing 5.6-313.3 μg/g
total PAHs resulted in a variety of liver lesions including FHA, HC, and CA in medaka
(Fabacher et al. 1991). While sensitivities to PAHs differ by fish species (Hawkins et al. 1990),
the concentrations of carcinogenic PAHs (environmental and biomarkers) detected in this study
indicate that chemical induction of FHA and neoplasms is plausible in white perch. Dose and
exposure time to PAHs are factors in tumor initiation (Hawkins et al. 1990, Spitsbergen et al.
2000), which may explain the higher lesion prevalence in Severn River fish. Prevalences of
neoplasms, hyperplasia, dysplasia, and FHA in fish, and concentrations of known and suspected
carcinogenic PAH (pyrenes, fluoranthenes, anthracenes, chrysene) were consistently higher in
the Severn River, while the prevalence of Myxidium sp. did not differ significantly by river. In
addition to PAHs, organochlorines suspected as carcinogenic where also detected in this study
including hexachlorabenzene, mirex, and toxaphene (NTP 2016). These substances, as well as
other contaminants not measured in this study such as PCBs, may have contributed to neoplasia
in white perch. Taken together, the contaminant, lesion, and parasitic data in this study suggests
a multi-factorial scenario involving tumor initiation by contaminant exposures in a tissue
microclimate that promotes tumor progression from episodic chronic inflammation and unknown
factors from Myxidium sp. infections.
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4.5 Conclusions
High prevalence of biliary lesions, including neoplasms, were detected in white perch from
the Choptank and Severn Rivers. Age and infections by the plasmodial stage of Myxidium sp. in
the bile ducts were highly significant risk factors for proliferative and neoplastic biliary lesions.
Moderate prevalence of FHA and few hepatocellular neoplasms were also detected in the livers
of these fish, but only age was a significant risk factor for FHA. Environmental contaminants
were generally higher in Severn River and the Severn River fish population had higher lesion
prevalences and biomarkers of exposure to PAH, but similar prevalence of Myxidium sp.
infections. The prevalence of the biliary coccidia Goussia bayae was 100% in both fish
populations, but cholangiolar lesions were more severe in Severn River fish. The results suggest
a possible multi-factorial scenario with Myxidium sp. as a biliary tumor promoter in white perch,
but more data will be needed to evaluate the roles of environmental contaminants and parasitic
infections in these fish populations. Additional fish collections are needed to increase the
contaminant, parasite and tumor database and to identify the geographic distribution of lesions
and parasites. Identifying and examining populations from other impacted tributaries that do not
have myxozoan and coccidial infections, and laboratory exposures to combinations of
contaminants and parasites may offer further insight into possible etiologies of neoplasia in
Chesapeake Bay white perch.
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Figures
Figure 1. Map of sampling locations in Chesapeake Bay, 2019. (A) Maryland’s Chesapeake
Bay, (B) Choptank River, and (C) Severn River. Fish collection sites in rivers are indicated by
open squares and passive integrated sampler sites are indicated by open circles. Major cities in
each watershed are indicated by dark gray areas.
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Figure 2. Histological sections of liver from white perch Morone americana showing examples
of ordinal categories used to assess relative abundance of plasmodia (Myxidium sp.) A) Duct
with no plasmodia (ds0), duct score category 1 (ds1), and duct score category (ds2). B) Duct
score category 2 (ds2). C) Duct score category 3 (ds3). D) Duct score category 4 (ds4). Scale
bars = 100 μm (A-D).
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Figure 3. White perch Morone americana collected from Choptank and Severn Rivers, 2019.
A) Age distribution with dominant 2011 and 2015 year classes. B) Length-at-age of fish with
Loess smoothed curves.
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Figure 4. PAH metabolites in the bile of white perch Morone americana. A) Mean
concentrations (± SD) of naphthalene (NAPm), phenanthrene (PHEm), and benzo[a]pyrene
(B[a]Pm) in fish from the Choptank (C) and Severn (S) Rivers. B) Mean concentrations (± SD)
of metabolites by age in fish from the Choptank (light gray bars) and Severn (dark gray bars)
Rivers.
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Figure 5. Normal liver features of white perch Morone americana. A) Visceral surface of liver
with gallbladder (g). B) Longitudinal section through hepatic cords (*) and sinusoids (arrow) in a
male fish. Scale bar = 20 μm. C) Cross section through hepatic cords (*) and sinusoids (arrow) in
a female fish. Scale bar = 20 μm. D) Bile ducts (b) and central vein (cv) in hepatic parenchyma.
Pancreatic biliary tract (pb) composed of bile duct with outer sheath of exocrine pancreas.
Pancreatic venous biliary arterial tract (pvba) with multiple bile ducts (b), hepatic portal vein
(hp), hepatic artery (a) and exocrine pancreas (p). Scale bar = 100 μm. E) Small bile duct with
cuboidal epithelium (e) and thin outer connective tissue layer (c). Scale bar = 10 μm. F) Portion
of large bile duct with thick connective tissue layer (c) and tall columnar epithelium (e)
containing a rodlet cell (r). Scale bar = 20 μm.
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Figure 6. Normal extrahepatic biliary tissues of white perch Morone americana. A) Common
bile duct (cd) connection between gallbladder (g) and intestine (I) near pyloric ceca (pc).
Hepatic ducts (hd) connect liver (L) to common bile duct. Scale bar = 1 mm. B) Gallbladder
with pancreatic islet (pi) in mesenteries attached to the proximal end, near the attached liver (L).
Scale bar = 1 mm. C) Common bile duct. Scale bar = 400 μm. D) Wall of gallbladder with
columnar epithelium (e), submucosa (s), muscularis (m), serosa (se) and incomplete outer sheath
of exocrine pancreas (p). Scale bar = 50 μm.
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Figure 7. Coccidial cholangitis in the liver of white perch Morone americana. A) Bile duct with
moderate intensity of coccidia (narrow arrows) and slight hypertrophy of the epithelium (e).
Scale bar = 20 μm; connective tissue (c), exocrine pancreas (p). B) Bile ducts with numerous
coccidia (narrow arrows) among exfoliated epithelial cells and necrotic cell debris (e), and
inflammatory infiltrates (wide arrows) and macrophage aggregates (m) within the connective
tissue layer (c) and extending into neighboring hepatic parenchyma. Scale bar = 100 μm.
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Figure 8. Age-related indices and prevalence of parasites and lesions in the liver of white Perch
Morone americana. A) Relative index of coccidial intensity (CI, Goussia bayae). B) Prevalence
of coccidial cholangitis in bile ducts. C) Prevalence of plasmodia (Myxidium sp.) in bile ducts.
D) Relative index of plasmodial abundance (PI) in bile ducts. E) Bile duct hyperplasia. F) Biliary
dysplasia. G) Bile duct neoplasia (CA and CCA). H) FHA. Box plots (A) indicate the median
(center line within box), 25th quartile (lower line of box), 75th quartile (upper line of box), and
extreme values (whiskers), or actual values (circles). Bar plots (D) indicate mean values with
95% confidence intervals.
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Figure 9. Biliary hyperplasia in the liver of white perch Morone americana. A) Hyperplasia of
bile ducts (b) within a pancreatic venous biliary arteriole tract (delineated by arrows). Scale bar =
200 μm. B) Cross section through hyperplastic bile ducts (b) with normal epithelial (e) and
connective tissue (c) layers. Rodlet cells (r) are evident in epithelium. Scale bar = 50 μm. C) Nest
of small hyperplastic bile ducts (b) within a common outer connective tissue stroma (arrow).
Scale bar = 50 μm. D) Longitudinal section through a small hyperplastic bile duct with single
well-ordered layer of epithelial cells (e) and outer connective tissue layer (c). Scale bar = 20 μm.
E) Fibrosis (arrows) among hyperplastic bile ducts (b). Scale bar = 200 μm. F) Severe fibrosis
(*) enveloping hyperplastic bile ducts (b). Scale bar = 100 μm.
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Figure 10. Biliary dysplasia in the liver of white perch Morone americana. A) Biliary dysplasia
(arrows) in the submucosa (s) of hepatic duct. Scale bar = 100 μm; muscularis (m), epithelium
(e). B) Biliary dysplasia consisting of clusters of epithelial cells (wide arrow) or in irregular
arrangement with multiple lumen-like spaces (narrow arrows). Scale bar = 50 μm. C) Biliary
dysplasia (arrows) in the connective tissue layer (c) of a large bile duct (oblique section). Scale
bar = 100 μm; epithelium (e). D) Biliary dysplasia consisting of low cuboidal and
hyperchromatic epithelial cells in a single layer (arrows) or as an area of clustered cells (narrow
arrow) within the connective tissue layer (c) of a larger bile duct. Scale bar = 20 μm; normal
columnar epithelium of large bile duct (e). E) Longitudinal section through small bile duct with
dysplasia. Mucosa consists of pleomorphic epithelial cells (e) in a disordered arrangement with
multilayered areas (wide arrows) or cluster with lumen-like space (narrow arrow). Scale bar = 20
μm; outer connective tissue layer (c). F) Small bile duct with dysplasia consisting of clusters of
epithelial cells (wide arrows) more than 1 cell thick projecting into the luminal space and areas
of epithelial convergence (narrow arrows) of apposing epithelial clusters. Epithelial cells with
atypical nuclei (a) were uncommon. Scale bar = 40 μm; rodlet cell (r).
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Figure 11. Cholangiomas (CA) in the liver of white perch Morone americana. A) CA
consisting of neoplastic biliary tissue in duct-like arrangements (*). Scale bar = 200 μm. B)
Magnified view of CA from A exhibiting a distinct tumor margin (wide arrows), and ducts with
narrow lumina (*), columnar epithelia, and no or reduced outer connective tissue layer (narrow
arrows). Scale bar = 50 μm. C) Mucosa of a CA with columnar epithelial cells, few nuclei with
atypical nucleoli (wide arrow), and epicellular coccidia (narrow arrows). Scale bar = 20 μm. D)
CA consisting of a nodular mass of dilated duct-like structures (*). Scale bar = 200 μm. E)
Distinct tumor margin (arrows) of CA from D and ducts with dilated lumina, low cuboidal
epithelium (*) and a reduced outer connective tissue layer (narrow arrows). Scale bar = 50 μm.
F) Magnified view of mucosa (*) from D exhibiting few nuclei with atypical nucleoli (arrow)
and thin outer connective tissue layer (c). Scale bar = 20 μm. G) CA with fibrosis intermingled
among a mass of duct-like structures (*) and a myxozoan plasmodium in a duct lumen (pl).
Scale bar = 100. H) Magnified view of CA from G with pleomorphic ducts (*), surrounding
fibrosis (f) and atypical nucleoli (arrow). Scale bar = 20 μm. I) Small CA (*) with myxozoan
plasmodium in duct lumen (pl) and peripheral macrophage aggregates (m) and inflammatory
infiltrates (narrow arrow). Scale bar = 50 μm.
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Figure 12. Cholangiocarcinomas (CCA) in the liver of white perch Morone americana. A)
CCA consisting of neoplastic biliary tissue with areas of distinct tumor margin (wide arrows),
less distinct margin (narrow arrows), and peripheral macrophage aggregates (m). Scale bar = 200
μm. B) Area of less distinct margin from A with highly pleomorphic duct-like elements (*)
surrounding macrophage aggregate (m) and invading neighboring hepatic parenchyma. Scale bar
= 50 μm. C) Magnified view of B showing highly pleomorphic biliary tissue (*), including
multiple nucleoli (arrow), extending into hepatic parenchyma. Scale bar = 20 μm. D) Area of
distinct tumor margin from A with a mix of pleomorphic duct-like structures (*), clusters of
epithelial cells (arrow), and an outer connective tissue layer (c) with inflammatory infiltrates.
Scale bar = 50 μm. E) Magnified view of a CCA with duct-like structure (*) and cluster of
biliary epithelial cells (+) containing atypical nucleoli including mitotic figures (arrow). Scale
bar = 20 μm. F) CCA composed of a disordered cluster of ductule-like elements. Macrophage
aggregates (m) are evident at the margin and within the tumor. Scale bar = 100 μm. G)
Magnified view of F exhibiting ductule-like elements (*) invading neighboring hepatic
parenchyma. Scale bar = 20 μm. H) CCA (*) with peripheral rim of inflammatory infiltrates
(arrow). Scale bar = 50 μm. I) CCA (*) with myxozoan plasmodia (arrow). Scale bar = 100 μm.
J) Extensive multifocal CCA (*). Scale bar = 500 μm. K) Interior face of liver slab with multiple
biliary tumors (arrows).
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Figure 13. Cholangiocarcinomas (CCA) in the common bile duct of white perch Morone
americana. A) Nodular tumor with a thin outer layer of adipose tissue (*) in the common bile
duct (wide arrow). Gallbladder (g), hepatic ducts emerging from liver (narrow arrows). B)
Enlarged tumor composed of highly pleomorphic biliary tissue (*) within a fibrous stroma
(arrow). Scale bar = 500 μm, liver (l). C) Abnormal ducts (*) with highly pleomorphic epithelial
cells and scattered exocrine pancreatic acini (p) within tumor. Scale bar = 50 μm.

264

Figure 14. Foci of hepatocellular alterations (FHA) in the liver of white perch Morone
americana. A) Eosinophilic FHA. Scale bar = 200 μm. B) Eosinophilic FHA (*). C) Basophilic
FHA (*). D) Vacuolated FHA (*). E) Clear cell FHA (*). F) Mixed (clear and vacuolated) FHA
(*). Scale bar (B-F) = 20 μm. Normal hepatocellular parenchyma (+) (B-F).
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Figure 15. Hepatocellular adenoma (HA) and carcinoma (HC) in the liver of white perch
Morone americana. A) Large HA (*) with distinct tumor boundary (arrows) evident in the cut
face of liver slab. B) Nodular HA (*) with distinct tumor boundary (arrows). Scale bar = 500 μm.
C) Macrophage aggregate (m) and area of compression (narrow arrow) of normal hepatic tissue
(h) adjacent to HA (*). Wide arrows indicate tumor margin. Scale bar = 100 μm. D) Rubeanic
acid-stained section indicating copper-positive cytoplasmic granules (arrow) in normal hepatic
tissue (h) adjacent to HA (*). Scale bar = 50 μm. E) HC consisting of highly irregular hepatic
cords with pleomorphic hepatocytes in clusters (arrows) and macrophage aggregates (m). Scale
bar = 50 μm. F) Margin of HC (*) with tumor cell elements (arrows) extending into adjacent
normal hepatic tissue (h). Scale bar = 100 μm. G) Magnified view of pleomorphic cell cluster
within HC. Cells exhibit marked nuclear atypia, double nuclei (narrow arrow), and mitotic
figures (wide arrow). Scale bar = 20 μm.
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Figure 16. The coccidia Goussia bayae and lesions in the gallbladder of white perch Morone
americana. A) Mild hypertrophy (arrows) of the gallbladder epithelium (e) infected with
coccidia (narrow arrows). Scale bar = 50 μm; s, submucosa. B) Moderate coccidial cholecystitis
consisting of lamellation and atrophy of the epithelium (*) with moderately high intensity
infection of epicellular coccidia (narrow arrows). Scale bar = 100 μm; s, submucosa. C) Severe
coccidial cholecystitis consisting of necrotic epithelium (e), fibrosis and inflammation in the
submucosa (s), areas of liquefactive necrosis (*), and high intensity infection of epicellular
coccidia (narrow arrows) Scale bar = 100 μm.
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Tables
Table 1. Guide to subjective, ordinal scoring systems used to evaluate relative intensity of parasites in histological sections. CI:
coccidial index; ds: duct score; PI: plasmodial index
Parasite
Goussia bayae

Myxidium sp.

Stage

CI/ds

Criteria

all stages

0

No coccidia

An overall CI is assigned to each

1

1-10 coccidia

fish based on examination of all

2

11-100 coccidia

3

101-1,000 coccidia

4

> 1,000 coccidia

0

No plasmodia

Each bile duct is assigned a ds of

1

Plasmodia; lumen diameter < 100 μm

relative plasmodial abundance. PI

2

Plasmodia; lumen diameter 100-200 μm

score is determined for each fish

3

Plasmodia; lumen diameter 200-300 μm

by summing individual ds:

4

Plasmodia; lumen diameter > 300 μm

Plasmodia

Method

tissue sections.

PI=∑dsi.
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Table 2. Biological data of white perch collected from the Choptank and Severn Rivers, 2019. Total length (TL), fish weight (Wf),
condition factor (K), liver weight (Wl), and hepatosomatic index (HSI) are given as mean values ± standard deviation. Statistics: 1:
significant differences detected by age, sex, and river (p < 0.001); 2: significant differences detected by sex (p < 0.001); 3: significant
differences detected by sex and river (p < 0.001)
River

Sex

n

TL (mm)

Wf (g)

K

Wl (g)

HSI

Choptank

F

62

218 ± 22

166 ± 359

1.55 ± 0.11

3.50 ± 1.59

2.08 ± 0.38

M

60

212 ± 17

144 ± 35

1.49 ± 0.10

1.75 ± 0.49

1.21 ± 0.21

F

69

242 ± 17

225 ± 56

1.56 ± 0.10

5.71± 1.86

2.51 ± 0.34

M

62

227 ± 15

175 ± 40

1.48 ± 0.09

2.83 ± 0.94

3.47 ± 0.35

1

1

2

1

3

Severn

Statistics
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Table 3. Contaminants detected in passive samplers deployed for 30-d in the Choptank and Severn Rivers. “U” indicates that the
contaminant was not detected at the reporting limit.
Contaminant (units)

Choptank Watt’s

Choptank Ganey’s

Severn Run

Severn Arlington Echo

Creek

Wharf

72.6

159

101

78.1

3.46 A,B

35.7

7.21 A

5.66 A

Acenaphthene

154

301

221

178

C2 Phenanthrenes/Anthracenes

95.8

119

516

291

Fluorene

113

300

197

148

Phenanthrene

443

1,030

1,060

709

19.6 A

48.2

54.2

37.1

C1 Phenanthrenes/Anthracenes

117

244

614

384

Fluoranthene

210

784

2,550

1,670

Pyrene

148

255

1,890

1,200

Benz[a]anthracene

5.53 A

24.7 A

137

89

Chrysene

22.2 A

40.5

807

458

Benzo[b]fluoranthene

5.55 A

13.2 A

199

127

U

5.8 A

123

91.4

Hydrocarbons (ng/g)
Naphthalene
Acenaphthylene

Anthracene

Benzo[a,k]fluoranthenes
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Benzo[e]pyrene

U

5.29 A

149

93.6

Benzo[a]pyrene

U

3.38 A,B

41.4

28.1

47.1

48.6

73.7

83.8

U

4.9 A,B

26

19.6 A

3.06 A,B

6.84 A

26

22.1 A

2-Methylnaphthalene

64.6

177

93.8

69.8

1-Methylnaphthalene

63.8

145

77.1

57.9

C1-Naphthalenes

128

322

171

128

Biphenyl

37.7

83.2

53

41.3

C2-Naphthalenes

264

484

383

295

1,2-Dimethylnaphthalene

20.5 A,B

37.9

29.3

23.2 A,B

2,6-Dimethylnaphthalene

49.6

98.2

78.6

54.4

C3-Naphthalenes

207

349

432

290

2,3,6-Trimethylnaphthalene

58

93

125

84.1

2,3,5-Trimethylnaphthalene

45

78.1

81.1

59.4

C4-Naphthalenes

120

146

291

187

Dibenzothiophene

30.8

49.2

64.2 B

48.4 B

3-Methylphenanthrene

40.9

82.8

203

131

2-Methylphenanthrene

49

99

237

140

2-Methylanthracene

U

7.76 A

11.4 A

6.88 A

Perylene
Indeno[1,2,3-cd]pyrene
Benzo[ghi]perylene
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9/4-Methylphenanthrene

31.3 B

66.6 B

204 B

124 B

26.8

54.5

163

106

3,6-Dimethylphenanthrene

11.7 A,B

16 A,B

63.8 B

38.3 B

2,6-Dimethylphenanthrene

13.9 A

16.3 A

69.8

38.8

1,7-Dimethylphenanthrene

10.9 A,B

14.9 A

49.5

27.7

87.6

47.5

288

195

U

U

12.4 A

8.06 A

Retene

57.3

47.7

91.3

55.8

C4-Phenanthrenes/Anthracenes

115

96.2

856

592

1,4,6,7-Tetramethylnaphthalene

16.6 A,B

18.3 A,B

40.6 B

26.2 B

4.75 A

6.59

5.15 A

3.23 A

HCH, alpha

U

0.228 A,B

0.207 A

0.121 A

HCH, beta

0.458 A

0.583 A,B

0.494 A

0.272 A

HCH, gamma

0.93 A

0.532 A,B

0.358 A,B

0.238 A,B

Heptachlor

0.509 A,B

1.07 A,B

2.05 A,B

1.51 A

Aldrin

0.167 A,B

0.188 A,B

0.553 A,B

0.448 A

Chlordane, oxy-

0.988 A

1.16 A,B

4.51 A

2.23 A,B

Chlordane, gamma (trans)

5.04 A

7.26 A

19.5

13.8

1-Methylphenanthrene

C3-Phenanthrenes/Anthracenes
1,2,6-Trimethylphenanthrene

Organochlorine pesticides (ng/g)
Hexachlorobenzene
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Chlordane, alpha (cis)

6.66 A

8.47 A

23.6

16.3

Nonachlor, trans-

3.74 A,B

4.18 A

13.7

9.46 A

Nonachlor, cis-

0.784 A

1.6 A,B

3.41 A

2.51 A

2,4'-DDD

0.249 A

0.616 A

1.1 A

0.655 A

4,4'-DDD

0.805 A

2.47 A

3.02 A

2.05 A

2,4'-DDE

0.189 A

0.311 A

0.289 A

0.18 A

4,4'-DDE

3.85 A

5.4 A

5.15 A

3.54 A

2,4'-DDT

0.79 A,B

1.11 A,B

1.37 A

0.671 A

4,4'-DDT

1.4 A

1.9 A,B

3A

1.56 A

U

U

0.284 A,B

U

Heptachlor Epoxide

4.39 A

5.57 A

31.2

21.2

alpha-Endosulphan

0.392 A,B

0.862 A,B

1.17 A,B

0.931 A,B

39.7

12.7

109

72.4

Endrin

0.48 A,B

U

1.02 A,B

U

beta-Endosulphan

1.79 A,B

1.56 A,B

U

U

U

U

0.991 A

0.313 A,B

0.778 A,B

0.784 A,B

0.919 A

0.651 A

8.04

8.93

U

U

Mirex

Dieldrin

Endosulphan Sulphate
Methoxychlor
technical toxaphene

Brominated diphenyl ethers (pg/g)
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BDE-28 + 33

106 A,C,D

161 A,C,D

213 A,C,D

139 A,C,D

BDE-47

1,650 D

2,280 D

3,000 D

2,000 D

BDE-99

714 D

1,040 D

1,390 D

1,040 D

BDE-100

212 A,D

280 A,D

367 A,D

288 A,D

BDE-153

35.3 A,B,D

72.5 A,D

87.8 A,B,D

55.9 A,D

BDE-154

40.3 A,B,D

53.9 A,D

89.3 A,D

67.6 A,D

BDE-183

25.5 A,B,D

41.3 A,D

43.5 A,D

54.1 A,B,D

A

Concentration below lowest calibration equivalent.

B

Estimated maximum possible concentration.

C

Co-eluting congener.

D

Dilution data.
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Table 4. Factors associated with bile metabolite concentrations in the gallbladder of white perch
Morone americana. P values followed by an asterisk (*) indicates a significant effect (P<0.05).
NAPm: naphthalene metabolites; PHEm: phenanthrene metabolites; B[a]Pm: benzo[a]pyrene
metabolites; * p < 0.05
Metabolite

Term

Coefficients

SE

Z

P

NAPm

River

-25.35

12.87

-1.97

0.0517

Age

-10.40

4.72

-2.20

0.0299*

Sex

-13.54

12.01

-1.13

0.2623

River

-8.61

3.52

-2.45

0.0162*

Age

-2.87

1.29

-2.22

0.0285*

Sex

-0.71

3.28

-0.22

0.8280

River

-0.08

0.05

-1.77

0.0791

Age

-0.02

0.02

-1.34

0.1841

Sex

-0.03

0.04

-0.66

0.5115

PHEm

B[a]Pm
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Table 5. Prevalences of coccidia (Goussia bayae) and myxozoa (Myxidium sp.) in white perch,
2019. Index of relative coccidial intensity (CI, G. bayae) in intrahepatic bile ducts is presented
as median values with minimum, 25th percentile, 75th percentile, and maximum in parentheses.
Index of relative myxozoan plasmodial abundance (PI, Myxidium sp.) is presented as mean
values ± SD.
River

Choptank

Severn

stats

Sex

n

Coccidial

CI

Myxozoan

prevalence

prevalence

(%)

(%)

PI

F

62

100

2 (1, 2, 3, 3)

30.6

4.3 ± 9.9

M

60

100

2 (1, 2, 3, 4)

18.3

1.9 ± 4.5

F

69

100

3 (2, 2, 3.5, 4)

14.5

2.0 ± 7.2

M

62

100

2 (1, 2, 3, 4)

39.7

3.2 ± 5.4

1

2

2

1 Significant differences detected by river (P<0.001) and age (P<0.01)
2 Significant differences detected by age (P<0.001)
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Table 6. Logistic regression results of location and fish biological factors on coccidial
cholangitis (Goussia bayae) and plasmodial infections (Myxidium sp.) in white perch Morone
americana. P values followed by an asterisk (*) indicate a significant effect (P<0.05). K:
condition factor; HSI: hepatosomatic index; * p < 0.05
Infection

Term

Coefficients

SE

Z

P

Cholangitis

River

0.51

0.19

9.19

0.0057*

Age

0.16

0.07

5.17

0.0174*

Sex

-0.47

0.27

2.55

0.0804

K

31.5

78.37

0.07

0.6869

HSI

0.53

1.38

3.99

0.7030

River

0.02

0.18

0.02

0.9266

Age

-0.23

0.06

13.86

0.0002*

Sex

-0.03

0.25

0.02

0.8923

K

88.60

81.78

1.17

0.2787

HSI

-1.18

1.42

0.69

0.4050

Plasmodia
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Table 7. Summary of lesion prevalence in the liver of white perch Morone americana. Data
given as number of fish affected with percentage in parentheses. Lesions include biliary
neoplasms (Cholangioma, CA and Cholangiocarcinoma, CCA), foci of hepatocellular alteration
(FHA), and hepatocellular neoplasms (adenomas, HA and carcinomas, HC). Number of FHA
are also partitioned by sex in brackets. Prevalence data from a study of white perch lesions
reported in 19871 are provided for comparative purposes.
Tissue

Biliary

Lesion

Choptank R.

Severn R.

Chesapeake Bay,

n=122,

n=131,

n=254,

present study

present study

1982-841

Coccidial cholangitis

24 (19.7)

39 (29.8)

-

Plasmodial infection

29 (23.8)

34 (26.0)

-

Hyperplasia

52 (42.6)

66 (50.4)

(30-40)

Dysplasia

18 (14.8)

23 (17.6)

-

3 (2.5)

10 (7.6)

(10)

Neoplasia, CCA

21 (17.2)

30 (22.9)

All biliary neoplasia

23 (18.9)

36 (27.5)

(10)

2 (1.6)

12 (9.2)

-

[F:0, M:2]

[F:0, M:12]

3 (2.5)

5 (3.8)

[F:0, M:3]

[F:2, M:3]

4 (3.3)

3 (2.3)

[F:1, M:3]

[F:2, M:1]

Neoplasia, CA

Hepatocellular

FHA
eosinophilic

basophilic

vacuolated

2

2
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clear cell

7 (5.7)

4 (3.8)

[F:2, M:5]

[F:2, M:2]

1 (0.8)

2 (1.5)

[F:1, M:0]

[F:2, M:0]

17 (13.9)

23 (17.6)

[F:4, M:13]

[F:10, M:17]

Neoplasia, HA

0

3 (2.3)

3

Neoplasia, HC

0

1 (0.8)

4

All hepatocellular

0

3 (2.3)

(5)

mixed

all FHA

-

2

neoplasia
1

May et al. 1987; fish collected from 15 unspecified sub-estuaries of Chesapeake Bay.

2

Clear and basophilic forms of FHA reported, but no prevalence given.

3

Diagnosed as “clear cell adenomas”; cells enlarged with clear cytoplasm, regular nuclei, and

tumors with well-delineated margin. Prevalence of HA and HC combined given as 5%.
Prevalence by neoplasm category not given.
4

Diagnosed as “basophilic neoplasms”; neoplasms with irregular hepatic chords of varying

thickness, varying degrees of nuclear atypia, and irregular borders suggesting local invasion.
Prevalence of HA and HC combined given as 5%. Prevalence by neoplasm category not given.
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Table 8. Logistic regression results of location, fish biological factors of age and sex, Goussia
bayae-associated cholangitis, Myxidium sp. plasmodia and biomarkers of polycyclic aromatic
hydrocarbon exposure, for hyperplasia and dysplasia of biliary tissue in white perch Morone
americana. NAPm: naphthalene metabolites; PHEm: phenanthrene metabolites; B[a]Pm:
benzo[a]pyrene metabolites; * p < 0.05
Lesion

Term

Coefficients

SE

Z

P

Hyperplasia

River

0.22

0.19

1.36

0.2619

Age

-0.33

0.08

16.44

<.0001*

Sex

0.07

0.28

0.06

0.7161

Cholangitis

0.19

0.19

1.00

0.2870

Plasmodia

1.61

0.26

38.18

<0.0001*

NAPm

0.87

0.01

0.85

0.3555

PHEm

0.69

0.01

0.68

0.4099

B[a]Pm

0.15

0.63

0.15

0.6984

River

-0.30

0.27

1.23

0.3443

Age

-0.63

0.13

24.73

<0.0001*

Sex

-0.15

0.38

0.00

0.6953

Cholangitis

-0.02

0.27

0.01

0.9861

Plasmodia

0.83

0.22

13.89

0.0002*

NAPm

0.00

0.00

0.92

0.3379

PHEm

-0.01

0.01

0.15

0.7014

B[a]Pm

0.22

0.88

0.06

0.8005

Dysplasia
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Table 9. Logistic regression results of location, fish biological factors of age and sex, Goussia
bayae-associated cholangitis, Myxidium sp. plasmodia and biomarkers of polycyclic aromatic
hydrocarbon exposure, for hyperplasia and dysplasia of biliary tissue in white perch Morone
americana. NAPm: naphthalene metabolites; PHEm: phenanthrene metabolites; B[a]Pm:
benzo[a]pyrene metabolites; * p < 0.05
Lesion

Term

Coefficients

SE

Z

P

CCA

River

-0.17

0.22

0.58

0.4453

Age

-0.33

0.08

16.57

<0.0001*

Sex

0.38

0.31

1.49

0.2218

Cholangitis

-0.07

0.23

0.11

0.7458

Plasmodia

0.75

0.19

15.77

<0.0001*

NAPm

0.00

0.00

0.86

0.353

PHEm

-0.01

0.01

1.35

0.2459

B[a]Pm

0.09

0.72

0.02

0.8955

River

-0.02

0.22

0.00

0.9443

Age

-0.51

0.10

23.93

<0.0001*

Sex

0.34

0.32

1.11

0.2923

Cholangitis

-0.02

0.22

0.01

0.9337

Plasmodia

0.88

0.19

20.53

<0.0001*

NAPm

0.00

0.00

2.04

0.1530

PHEm

-0.01

0.01

1.96

0.1620

B[a]Pm

-0.06

0.68

0.01

0.9257

CA and CCA
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Table 10. Association of non-neoplastic intrahepatic biliary lesions with cholangioma (CA) or
cholangiocarcinoma (CCA) in white perch Morone americana. P values followed by an asterisk
(*) indicates a significant effect (P<0.05) according to the logistic regression model.
Lesion

Coefficients

SE

Z

P

None

-7.59

896.83

0.00

0.9933

Inflammation1

-5.83

989.42

0.00

0.9985

Cholangitis2

-0.21

0.23

0.80

0.3719

Hyperplasia

1.12

0.25

20.32

<0.0001*

Dysplasia

1.40

0.24

33.04

<0.0001*

1

Periductal inflammation only.

2

Periductal inflammation and degenerative changes to epithelium.
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Table 11. Association between non-neoplastic intrahepatic biliary lesions and cholangioma
(CA) or cholangiocarcinoma (CCA) in white perch Morone americana. Predicted probabilities
of associations with 95% confidence intervals (95% CI) were determined using logistic
regression. I: inflammation; C: cholangitis; H: hyperplasia; D: dysplasia.
CA or CCA
Lesion

Predicted P

95% CI

None

0.039

0.014 – 0.098

I

0.033

0.014 - 0.080

C

0.027

0.008 - 0.089

H

0.315

0.174 - 0.500

D

0.411

0.167 - 0.707

I*C

0.024

0.008 – 0.071

I*D

0.378

0.159 – 0.660

I*C*H

0.220

0.111 - 0.389

I*C*H*D

0.831

0.619 - 0.937

H*D

0.889

0.731 - 0.959

C*D

0.330

0.103 – 0.677

I*H*D

0.874

0.737 - 0.945

C*H*D

0.849

0.610 – 0.937
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Table 12. Logistic regression results of location, fish biological factors of age and sex, Goussia
bayae-associated cholangitis, Myxidium sp. plasmodia and biomarkers of polycyclic aromatic
hydrocarbon exposure, for hyperplasia and dysplasia of biliary tissue in white perch Morone
americana. NAPm: naphthalene metabolites; PHEm: phenanthrene metabolites; B[a]Pm:
benzo[a]pyrene metabolites; * p < 0.05
Lesion

Term

Coefficients

SE

Z

P

FHA

River

-0.11

0.24

0.21

0.6438

Age

-0.48

0.10

23.65

<0.0001*

Sex

0.45

0.35

1.69

0.1930

Cholangitis

-0.57

0.33

2.99

0.0839

Plasmodia

-0.08

0.24

0.12

0.7284

NAPm

0.00

0.00

0.15

0.7018

PHEm

0.01

0.01

0.5

0.4775

B[a]Pm

-0.48

0.74

0.42

0.5168
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Chapter Seven: Biological and anthropogenic influences on macrophage aggregates in
white perch Morone americana from two tributaries of Chesapeake Bay, USA.
Abstract
Total volume of macrophage aggregates (MAV) was estimated in the liver and spleen of
white perch Morone americana from Chesapeake Bay using stereological approaches. Hepatic
and splenic MAV were compared between fish populations from the Choptank River (n=122), a
tributary with extensive watershed agriculture, and the Severn River (n=131), a tributary with
extensive watershed development. Hepatic and splenic MAV increased with fish age, were
greater in females from the Severn River only, and were significantly greater in fish from the
more polluted Severn River (higher concentrations of polycyclic aromatic hydrocarbons,
organochlorine pesticides, and brominated diphenyl ethers). Water temperature and dissolved
oxygen had a significant effect on organ volumes, but not on MAV. Modeling results indicated
that age and river were most influential on hepatic and splenic MAV, suggesting that increased
MAV in Severn River fish resulted from chronic exposures to higher concentrations of
environmental contaminants and other stressors. Hemosiderin was abundant in 97% of spleens
and was inversely related to fish condition and positively related to fish age and trematode
infections. Minor amounts of hemosiderin were detected in 30% of livers and positively related
to concentrations of benzo[a]pyrene metabolite equivalents in the bile. This study demonstrated
that hepatic and splenic MAV were useful indicators in fish from the two tributaries with
different land use characteristics and concentrations of environmental contaminants. However,
more data are needed from multiple seasons and from a range of tributaries with a wider gradient
of environmental impacts to validate these results in this species.
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1. Introduction
Macrophage aggregates (MA), also known as melano-macrophage centres (MMC) and
pigmented macrophage aggregates (PMA), are clusters of macrophages containing one or more
types of endogenous pigments in the tissues of poikilothermic vertebrates (Agius & Roberts
2003). The distribution and morphological appearance of MA in tissues generally varies
phylogenetically. In ancestral fish (e.g. Chondrichthyes), individual pigmented cells and small
MA are diffusely scattered primarily in the liver, while in modern fish (e.g. teleosts) MA
typically form dense nodular aggregates with a thin argyrophilic capsule, which are often more
abundant in the spleen and kidney, but can also be found in a variety of other tissues (Agius
1980, Barst et al. 2015, Dang et al. 2019). MA are often associated with blood vessels and
ellipsoids in the spleen, vessels and bile ducts in the liver, or scattered within the interstitial
tissue of the kidney (Sousa et al. 2018, Dang et al. 2019). The distinctive pigment content in MA
is the primary distinguishing characteristic from other aggregations of macrophages, including
granulomatous inflammation (Agius & Roberts 2003)
Pigments in MA may include lipofuscin/ceroid, hemosiderin and melanin (Agius & Roberts
2003). Lipofuscin/ceroid is derived from the oxidation and polymerization of fatty acids and
tends to accumulate with age or stress as a “wear and tear” pigment in fish and other animals
(Agius 1981b). Melanin includes a broad range of similar substances formed from the oxidation
and polymerization of tyrosine (Ito et al. 2000). In fish, MA accumulate melanin from
phagocytosis, but melanosynthesis has also been reported in visceral macrophages (Zuasti et al.
1989). Various forms have been reported in fish such as pheomelanin, eumelanin, and alkalisoluble melanins (Kumar et al. 2016, Dang et al. 2019). Melanin may have a protective role in
fish such as neutralization of free radicals during oxidative stress or in producing bactericidal
compounds (Agius & Roberts 2003). Hemosiderin is composed of complexes of iron and
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protein from the catabolism of hemoglobin, and accumulations in splenic MA have been
associated with recycling of effete erythtrocytes (Fulop & McMillan 1984) or after hemolytic
events (Agius 1981a). The relative amounts of pigments in MA can vary by a number of
biological factors (e.g. species, organ, sex, age) (Agius 1980, Blazer et al. 1987, Ribeiro et al.
2011, Dang et al. 2019)), and in response to stressful conditions that promote hemolysis or
visceral tissue damage (Agius & Roberts 1981, Matsche & Grizzle 1999, De Souza Santos et al.
2014, Ivanova et al. 2020).
Functions associated with MA include clearance or recycling of damaged tissues (Agius &
Roberts 1981), byproducts of cell degradation (Fulop & McMillan 1984), foreign materials
(Herraez & Zapata 1986), and pathogens or parasites (Vogelbein et al. 1987, Roberts 2012). As
repositories for metabolic byproducts or degradation products, MA typically increase in
abundance with age and under chronic stressful conditions, such as during disease (Matsche and
Grizzle 1999, Pronina et al. 2014), parasitism (De Vico et al. 2008), starvation (Mizuno et al.
2002), chronic inflammation (Vogelbein et al. 1987), toxicosis (Rabitto et al. 2005, Giari et al.
2007, Mela et al. 2007), or exposure to degraded habitats (Schlacher et al. 2007). MA may also
assist in tissue remodeling or repair processes during the reproductive cycle (Jordanova et al.
2008, Jordanova et al. 2012) or may function as primitive germinal center precursors as antigen
presenting cells (APC) in immune responses (Ellis 1974, Steinel and Bolnick 2017).
The response of MA in fish to a variety of environmental stressors has been useful as a
biomarker of exposure to habitat degradation (Wolke et al. 1985, Fournie et al. 2001, Schmitt et
al. 2005, Hinck et al. 2008, Dabrowska et al. 2012, Iwanowicz et al. 2012, Jordanova et al. 2016,
Jordanova et al. 2017, Ivanova et al. 2020). Increased MA abundance in fish has been linked to
hypoxia (Edwards et al. 2020) and a wide variety of chemical contaminants (van der Weiden et
al. 1994, Khan 2003, Armero-Lituañas & Ocampo 2015, Oliveira et al. 2015, Manera et al.
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2018). While most studies demonstrate an increase in MA abundance with environmental stress
conditions, some studies have reported a decline in MA numbers (Payne & Fancey 1989, Spazier
et al. 1992), or an increase in mean size that was accompanied by a decrease in MA frequency
(Kranz 1989).
Evaluation of changes in MA parameters is a recommended histological biomarker for
monitoring non-specific stress in fish (Schmitt and Dethloff 2000, Fournie et al. 2001, OSPAR
2009). Several long-term monitoring programs have found MA assessments to be useful
biomarkers of environmental contaminants or habitat degradation in fish. Programs such as the
US Environmental Protection Agency, Environmental Monitoring and Assessment Program
(EMAP) and the US Geological Survey, Biomonitoring of Environmental Status and Trends
Program (BEST) utilized fish health biomarkers, including MA, for ecological risk assessments
in North America (Fournie et al. 2001, Hinck et al. 2004, 2006, Ali et al. 2014). In Europe, the
International Center on Exploration of the Seas (ICES) conducts monitoring of fish health
biomarkers, including MA in wild fish populations to determine biological effects of exposures
to environmental contaminants (Stentiford 2003, Lang et al. 2006, 2017).
Various methods to estimate splenic MA abundance were compared in white perch Morone
americana from Choptank River, Chesapeake Bay (Matsche et al. 2019). Stereological estimates
of total volume of splenic MA increased with age while MA density declined in older age classes
as MA formed fewer but larger aggregations, and density of MA was significantly influenced by
changes in spleen volume (Matsche et al. 2019). This study indicated that stereological estimates
of total MA volume may be better equipped to detect changes in MA abundance compared to
relative estimates (e.g. density and percent area), which can be significantly influenced by
changes in the organ volume (Brown 2017). While granulomatous inflammation from
Mycobacterium sp. infections and digenetic trematode metacercariae significantly influenced
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splenic MA in white perch, anthropogenic stressors or habitat quality were not evaluated
(Matsche et al. 2019).
A recent study investigated hepatic lesions, including neoplasia, bile duct parasites, and
environmental contaminants in two tributaries of the Chesapeake Bay (Choptank and Severn
Rivers) with contrasting land use patterns (Matsche et al. in press). The Severn River watershed
is heavily developed while the Choptank River watershed has a much higher percentage of land
as agriculture. The Severn River has higher water concentrations of polycyclic aromatic
hydrocarbons (PAHs), organochlorine pesticides, and brominated diphenyl ethers (BDEs), and
bile metabolites of PAHs are generally higher in Severn River fish compared those from the
Choptank River (Matsche et al. in press). The goals of this study were to: 1) measure the
volumes of spleen and livers and the extent of tissue shrinkage from histological processing, 2)
measure the total volume of MA in the liver and spleen, 3) evaluate the relative abundance of
hemosiderin in MA from both organs, and 4) statistically evaluate potential biological factors
(e.g. age, sex), environmental factors (e.g. temperature, salinity, dissolved oxygen) and
anthropogenic factors (e.g. biomarkers of PAH exposure, infections) that may influnece the
volume of MA in the liver and spleen. An understanding of factors that influence changes in
MA in fish may increase the usefulness of MA as a biomarker of contaminant exposure or other
stressful conditions, or as a tool to monitor fish health.

2. Materials and methods
2.1 Fish and environmental contaminant study sites
Adult white perch were collected from tidal reaches of the Choptank and Severn Rivers in
February-March, 2019, as part of a study of contaminants, parasites and neoplasia in this species
(Matsche et al. in press). Fish were collected at approximately weekly intervals from a single
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site in each river. Fyke nets were set in near-shore habitat exposed to tidal currents in both rivers.
The maximum depth (cod end) was 2.8 m at the Choptank River collection site and 2.6 m at the
Severn River collection site. Nets were set and fished each time for about 24 h and salinity,
water temperature and dissolved oxygen (DO) were measured using a portable water quality
instrument that was calibrated prior to each use (HL4, OTT HydroMet, Loveland, CO). Fish
were transported alive in aerated river water (500 L) to the Cooperative Oxford Laboratory, held
overnight, and euthanatized and necropsied the following day. Temperature, DO, and total
holding time until euthanasia were recorded.
Passive integrative samplers containing semipermeable membrane devices (SPMD) and polar
organic chemical integrative sampling devices (POCIS) were deployed at the fish collection site
and an upstream non-tidal site in each river for 30 days during the fish collection period.
Extracts of select membranes were analyzed for polycyclic aromatic hydrocarbons (PAH),
organochlorine pesticides, and brominated diphenyl ethers (BDE) (see Matsche et al. in press).

2.2 Fish necropsy and histology procedures
Fish were euthanized with a lethal dose of tricaine methanesulfonate (MS-222, Argent
Finquel®, Redmond, Washington) immediately prior to necropsy. All fish were exposed to the
same concentration of MS-222 (300 ppm buffered with 300 ppm sodium bicarbonate) in aerated
water until 30 sec after all bodily movements ceased. Fish were examined for any grossly
apparent lesions and weight (Wf, g), total length (TL, mm) and sex were recorded. The
gallbladders were removed and bile was drained into microcentrifuge tubes. A sub-set of 100
bile specimens (50 from each river) was analyzed for naphthalene (NAPm), phenanthrene
(PHEm) and benzo[a]pyrene (B[a]Pm) metabolite equivalents using high performance liquid
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chromatography fluorescence detection as biomarkers of PAH exposure (see Matsche et al. in
press).
Organs were excised and Scherle’s water displacement method (Scherle 1970) was used to
measure the volume of spleen (SVspl) and liver (SVliv) based on Archimedes’ principles. Otoliths
were used to determine fish age, which ranged from 2-16 (Severn River) and 3-11 (Choptank
River). Fulton’s condition factor (K) was calculated as K = Wf/TL3 × 100 (Ricker 1975).

Spleens were preserved in 10% neutral buffered formalin (NBF). Livers were first cut into
multiple slabs prior to placement in NBF to ensure adequate tissue fixation. Livers were placed
with visceral surface (inner surface of liver in contact with the gastro-intestinal tissues) facing up
on a tissue trimming board and systematically sliced into multiple slabs using a tissue trimming
knife and custom made guides to achieve a generally uniform slab thickness of 2.5 mm (Fig. 1AC). Slabs that were too wide to fit into tissue cassettes were divided into pieces, maintaining the
order within numbered tissue cassettes, and preserved in NBF (Fig. 1D). The upper surface of
slabs or slab pieces (surfaces facing up on the trimming board) were placed down in cassettes for
sectioning. The number of liver slabs was proportional to the thickness of the liver and ranged
from 4-8, while the total number of liver pieces after dividing slabs ranged from 5-15. Following
fixation, spleens were cut into multiple pieces using systematic uniform random sampling
(SURS) with a custom multi-blade knife (tissue trimming method 2 of Matsche et al. 2019).
Spleen and liver tissues were processed for routine paraffin infiltration and embedding and serial
sections were cut from each block of liver and spleen at 5 μm. Liver sections were stained
routinely with hematoxylin and eosin for histopathology, and combined Periodic acid-Schiff
method for lipofuscin/ceroid and Perl’s Prussian Blue method for hemosiderin (PASPPB) for
analysis of MA (Presnell & Schreibman 1997). Spleen sections were stained routinely with
PASPPB. Select sections of spleen and liver were stained with Ziehl-Neelsen procedures for
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detection of acid-fast bacteria when granulomas were detected (Presnell & Schreibman 1997).
Previous and ongoing studies of white perch revealed Mycobacterium sp. infections that often
manifest as granulomas with acid-fast positive bacteria and encysted digenetic trematode
metacercariae in visceral tissues (Stine et al. 2010, Matsche et al. 2019).

2.3 Stereological procedures to measure organ volume and shrinkage
Volume of the spleen (CVSpl) and liver (CVliv) was determined from the sections of each fish
by Cavalieri’s method using a flatbed scanner and ImageJ software (version 1.52, National
Institutes of Health, Bethesda, MD) to measure section areas (Matsche et al. 2019):
CVliv = ∑Ai × t
CVSpl = ∑Ai × t
where:
∑Ai = the sum of areas of i tissue sections (μm2)
t = section interval, 2,500 μm

The index of organ volume shrinkage from histological processing was calculated for the
liver (Iliv) and spleen (Ispl) of each fish as by comparing fresh organ volumes to volumes
following histological processing:
𝐶𝐶𝑉𝑉

ISliv = 1 – 𝑆𝑆𝑆𝑆 𝑙𝑙𝑙𝑙𝑙𝑙
𝑙𝑙𝑙𝑙𝑙𝑙

𝐶𝐶𝐶𝐶

ISspl = 1 – 𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠
𝑠𝑠𝑠𝑠𝑠𝑠
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2.4 Procedures to measure total volume of MA
Three sections of spleen (PASPPB) that were selected by SURS and all sections of liver
(PASPPB) were probed to estimate relative area of MA in tissues. The methods for the spleen
followed that of Matsche et al. (2019) with the following modifications. Each spleen section was
digitized in its entirety using 1-4 digital micrographs (non-overlapping) that were recorded using
a 4x objective lens (14.3 mm2 tissue area) with a BH50 microscope, DP26 digital camera, and
CellSens software (Olympus America, Center Valley, PA). Each liver section was probed for
MA using SURS (Fig. 1E). A random starting point was selected outside the tissue area and the
microscope stage was moved in 4 mm increments in the x- and y-axes (Fig. 1E). A digital
micrograph was recorded (4x lens) each time the field of view included tissue. ImageJ software
was used to count and measure the relative area of MA in micrographs of liver and spleen (for
detailed methods see Matsche et al. (2019)). Briefly, the scale was calibrated, micrographs were
converted to 8-bit, MA were segmented by applying a contrast threshold, the relative area and
number of MA in sections was determined with the particle analyzer tool, and the total area of
tissue (TA) was measured. The minimum segment area for inclusion in MA analysis was set at
30 μm2. Density of MA was calculated as the number of MA segments divided by the TA. The
mean relative volume of MA in the liver (𝑅𝑅𝑅𝑅liv) and spleen (𝑅𝑅𝑅𝑅spl) and the mean density of MA
in the liver (Dliv) and spleen (Dspl) were calculated for each fish. The volume of MA in the liver
(MAVliv) and spleen (MAVspl) was determined by:
1

MAVliv = 𝑅𝑅𝑅𝑅liv × CVliv × 1−𝐼𝐼𝐼𝐼

𝑙𝑙𝑙𝑙𝑙𝑙

1

where

MAVspl = 𝑅𝑅𝑅𝑅spl × CVSpl × 1−𝐼𝐼𝐼𝐼
1

1−𝐼𝐼𝐼𝐼𝑙𝑙𝑙𝑙𝑙𝑙

1

and 1−𝐼𝐼𝐼𝐼

𝑠𝑠𝑠𝑠𝑠𝑠

𝑠𝑠𝑠𝑠𝑠𝑠

are organ shrinkage correction factors
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2.5 Estimation of hemosiderin
The relative amount of hemosiderin in MA of the liver (Hliv) and spleen (Hspl) was
determined for each fish by subjective evaluation using an ordinal scale of abundance from 0-5
(Table 1). The scale of abundance was based primarily on the proportion of MA with some
hemosiderin. Only in extreme cases (score of 5) did hemosiderin completely fill MA, which was
used to distinguish a score of 4 from 5. Spleen sections selected by SURS and all liver sections
were evaluated to determine Hliv and Hspl.

2.6 Statistical analysis
Analyses were performed with JMP 14.2 statistical software (SAS Institute, Inc., Cary, NC)
with a level of significance, P < 0.05. Volume and density data were tested for normal
distribution (Shapiro-Wilk) and homoscedasticity (Levene’s test). Box-Cox power
transformations were applied to SVliv, SVspl, , MAVliv, and MAVspl, to achieve normality (Box &
Cox 1964). MAVliv, MAVspl, Dliv and Dspl were examined graphically and preliminary general
linear models were used to test for effects of river, sex and age. Collinearity of independent
variables was assessed by the multivariate tools in JMP software. General linear models were
used to test the effects of biological (age, sex), environmental (bottom values of salinity,
temperature, DO) and anthropogenic related stressors (bile metabolites, infections) on MAVliv
and MAVspl. Select interaction terms were included in the models based on graphical
examination of data and preliminary model results. Alternate models were compared using
Akaike Information Criteria scores (AIC). Strength of the effect of significant independent
variables was assessed by comparing standardized beta coefficients. Correlations between
MAVspl and MAVliv with select factors were evaluated graphically and by Pearson correlation
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analysis. Ordinal logistic regression was used to evaluate the relative amount of hemosiderin in
fish. Continuous independent variables were standardized prior to ordinal logistic regressions
and beta coefficients were compared to determine relative strength of effect.

3 Results
3.1 Environmental conditions and fish captivity
Surface and bottom temperatures increased over the three sampling events in each river
(Table 2). The measured salinity at the Choptank River site was consistently lower than that of
the Severn River site (Table 2) because the Choptank site is located further upstream from the
main stem of the Bay. The DO was generally higher in the Choptank River site and lower on the
river bottom (Table 2).
Total fish captivity time from removal from fyke nets to euthanasia ranged from 21-24 h
and the mean times for each river did not differ significantly (P=0.424). Conditions in the
holding tank were relatively stable. The minimum concentration of DO measured during
captivity among all fish was 7.3 ppm. The temperature of water in the holding tank increased by
a mean of 2.2ºC during the captivity period and the mean change in temperature did not differ
significantly by river (P=0.338). Salinity in the holding tank reflected that of the surface water at
the site of capture in each river and remained constant during the captivity period. Hyperemic or
congestive reddening of the skin or fins, a common response to stressful handling in this species,
was rare and mild, and all of the fish were upright and swimming normally at the end of the
captivity period.
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3.2 Parasites and granulomas
In addition to Goussia bayae and Myxidium sp. (bile duct parasites, see Matsche et al. in
press), encysted metacercariae of an unknown species of digenetic trematode were found in the
liver and spleen of white perch in this study. Granulomas that often contained acid-fast bacteria
in Ziehl-Neelsen stained tissues (AF+) were evident in the spleen or liver and were consistent
with mycobacteriosis (Matsche et al. 2019). Prevalences of trematode metacercariae and
granulomas were higher in the spleen than the liver and in Severn versus Choptank river fish
(Table 3). AF+ granulomas were found in the liver of 5 fish (3.8%) from the Severn River and 3
fish (2.5%) from the Choptank River (Table 3). Prevalences of AF+ granulomas in the spleen
were 14% (Choptank R.) and 18% (Severn R.). Models indicated a significant age-related
increase of trematodes in the liver and spleen and AF+ granulomas in the spleen (P<0.003).
Severity of AF+ granulomas was considered mild in all fish (Fig. 2A) and trematode infections
were all low in intensity with no or minimal signs of inflammation or other tissue changes (Fig.
2B).

3.3 Organ volumes
The SVliv was highly variable, particularly among the dominant age classes of fish (Fig.
3). Overall, SVliv varied from a minimum of 739 mm3 to a maximum of 12,121 mm3 (Fig. 3).
Model results indicated that SVliv varied significantly with age; was higher in Severn River fish
and in females; varied positively with K, water temperature and DO; and varied inversely with
coccidial cholangitis (CI) (Table 4). Alternate models with various combinations of cholangiolar
lesions or foci of hepatocellular alteration (FHA) were not significant for those terms and
resulted in higher AIC scores. Comparison of standardized beta coefficients indicated that DO
accounted for most variation in SVliv with sex, river, and K ranked as 2nd, 3rd, and 4th
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respectively. Hepatosomatic index (HSI) strongly correlated with SVliv with a Pearson
correlation coefficient of 0.8228 (95% CI: 0.7785-0.8590), which was significant (P<0.0001).
The SVspl ranged from 72 mm3 to 943 mm3 (Fig. 3). Model results indicated that SVspl
was significantly higher in Severn River fish, modestly but significantly higher in females, and
varied positively with DO and K (Table 4). Post-hoc comparisons indicated that SVspl was
significantly higher in females from the Severn River but not from the Choptank River (Fig. 3,
Table 4). Comparison of standardized beta coefficients indicated that river accounted for most
variation in SVspl with DO, K and sex ranked as 2nd, 3rd and 4th respectively. Since 2018, fish
aged 4-8 accounted for 89% of the catch in these rivers. Therefore, the model was re-run using a
subset of the data with a range limited to ages 4-8. The results of the data sub-set generally
matched that of the full dataset. Splenosomatic index (SSI) correlated with SVspl with a Pearson
correlation coefficient of 0.6261 (95% CI: 0.5483-0.6957), which was significant (P<0.0001).
The range of volume shrinkage for livers (ISliv) as a result of histological processing was
6.7 to 47.7%, with a mean of 26.6 % (7.4 SD). ISspl ranged from 18.4 to 62.4 % with a mean of
32.1 % (8.2 SD). The ISliv and ISspl did not differ significantly by river, age, sex or K (GLM
ISliv: F ratio = 0.2614, P=0.9025; GLM ISspl: F ratio = 0.5322, P=0.785).

3.4 Density of macrophage aggregates
Graphical examination of data and preliminary model results indicated a strong linear
increase in MAVliv and MAVspl with age, with significant differences by sex and river (Fig. 4).
In comparison, Dliv and Dspl exhibited a parabolic response with age; Dliv and Dspl varied
significantly with age but Dspl declined in older age classes (Fig. 5) while MAVspl continued to
increase over the same age range. Significant differences were not detected by sex for Dspl and
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Dliv and Dspl did not differ significantly by river (P>0.106). Therefore, further modeling of MA
was discontinued for Dliv and Dspl.

3.5 Total volume of macrophage aggregates
The MAVliv ranged from 0.8 mm3 to 88.4 mm3, which was 0.02-2.3% of the liver volume
(𝑅𝑅𝑅𝑅liv). Model results indicated that MAVliv increased significantly with age, was significantly
higher in Severn River fish and in females (Table 5). Post-hoc comparisons indicated that
MAVliv was higher in females in the Severn River population, but not in the Choptank River
population (Fig. 4). MAVliv increased with age at a rate of 3.4 (mm3/age class) in Severn River
fish and 1.6 in Choptank River fish (sexes combined). Comparison of standardized beta
coefficients indicated that age had the strongest influence on MAVliv while river and sex were
ranked 2nd and 3rd respectively.
The MAVspl ranged from 0.07 mm3 to 85.6 mm3, which was 0.03-29.1% of the spleen
volume (𝑅𝑅𝑅𝑅spl). Model results indicated that MAVspl increased significantly with age, was
significantly higher in Severn River fish and in females (Table 6). Post-hoc comparisons
indicated MAVspl was higher in females in the Severn River population but not in the Choptank
River population (Fig. 4). MAVspl increased with age at a rate of 4.3 (mm3/age class) in Severn
River fish and 1.7 in Choptank River fish (sexes combined). Based on standardized beta
coefficients, age had the most influence on MAVspl while river, K, and trematodes ranked 2nd,
3rd, and 4th respectively. Results of models using a subset of data, aged 4-8 and only age-8 fish,
generally matched those of the full dataset; MAVliv and MAVspl were significantly higher in
Severn River fish (P<0.0001) and in females (P<0.002).
Graphical and statistical comparisons indicated that MAVliv and MAVspl were similar,
with a modestly but significantly higher mean MAVspl. The Pearson correlation coefficient for
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MAVliv and MAVspl was 0.7049 (95% CI: 0.6369-0.7620), which was significant (P<0.0001).
Paired t-test analysis indicated that the mean MAVspl was significantly higher than the mean
MAVliv by 6.0 mm3 (95% CI: 4.6-7.5 mm3). The across-groups post-hoc test for sex was not
significantly different (F ratio=0.0728, P=0.788).

3.6 Hemosiderin abundance scores
Lipofuscin/ceroid was the dominant pigment type in most hepatic MA, while
hemosiderin was the dominant pigment type in the majority of splenic MA (Fig. 2A-G).
Melanin was generally scarce in hepatic MA (Fig. 2C,D) but was more commonly observed in
splenic MA (Fig. 2E). Hemosiderin was evident in hepatic MA in 30.4% of fish and in splenic
MA in 98.8% of fish in this study (Table 7). When evident in the liver, hemosiderin typically
consisted of variable amounts of positively stained granules or clusters along with
lipofuscin/ceroid and occasionally melanin (Fig. 2D). Most MA in the spleen contained
hemosiderin positive granules (Fig. 2E), while in 56% of fish, MA were filled with hemosiderin
with no observable lipofuscin/ceroid (Fig. 2F). Of those fish with observable hemosiderin in the
liver, 90% had a Hliv score = 1 and no fish had a score of 5, while the majority of fish (98%) had
an Hspl score = 4 or 5 (Table 7). Model results indicated a significant effect of B[a]Pm on Hliv
(Table 8) and that Hspl varied significantly with age and K and was higher in fish with trematode
infections (Table 9).

4 Discussion
4.1 Estimation methods for MA
In this study, absolute estimates indicated a distinct age-related increase in MA volume in the
liver and spleen with significant differences by sex and river. Density estimates were less useful;
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Dliv and Dspl did not differ significantly by river, which most likely resulted from significant
variations in organ volumes by river, sex and other factors. Density (along with size and relative
area) is a relative estimate that can give misleading results if there are significant differences or
changes in the organ or reference volume (Brown 2017). Interpreting density estimate data that
are influenced by organ volume changes (increase or decrease) can lead to a type I (“false
positive”) or type II (“false negative”) error and has been referred to as a “reference trap”
(Braendgaard & Gundersen 1986). For example, Matsche et al. (2019) demonstrated that shortterm experimental exposures (10-15 min) to acute stressors resulted in significant increases in
density of splenic MA because the spleen volume decreased and not because the abundance of
MA increased. In recent years, there has been an increased awareness of the limitations of 2dimensional histomorphometry and use of stereological methods to measure total volume of MA
(Jordanova et al. 2008, Ferreira 2011, Jordanova et al. 2012, Rebok et al. 2015, Jordanova et al.
2016, Jordanova et al. 2017, Matsche et al. 2019, Ivanova et al. 2020). Absolute estimates of
MA (total volume) based on stereological approaches are advantageous in that they are not
influenced by changes in the organ volume or pattern of MA accumulation (i.e. increase in size,
number or both). However, stereological approaches require additional tasks to be performed.
Organ volumes must be measured and changes in tissue volume (shrinkage or more rarely
expansion) from fixation, histological processing and embedding must be measured and
corrected for meaningful comparisons with other studies. Paraffin infiltration and embedding
typically results in extensive tissue shrinkage from dehydration and paraffin infiltration, while
other methods such as plastic embedding can result in markedly less shrinkage (Dorph‐Petersen
et al. 2001).
A wide variation in tissue shrinkage (reduction in organ volume) from histological
processing was observed in this study. The extent of tissue deformation as a result of
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histological processing for paraffin infiltration can be unpredictable and highly variable, and can
significantly influence absolute volume or number estimates of tissues in sections (DorphPetersen et al. 2001). Volumetric decreases of about 15-60% can occur in soft tissues such as
brain, liver, gonad and kidney from paraffin infiltration procedures (Haug et al. 1984, Iwadare et
al. 1984, Quester R, Schröder R 1997, Dorph-Petersen et al. 2005, Kraus et al. 2008). The
variability in shrinkage estimates observed in this study could be related to imprecision in
Scherle’s water displacement estimates or Cavalieri’s method (as well as other unknown factors).
While both these methods are considered to be precise and accurate when implemented carefully
and correctly (Dorph-Peterson et al. 2005), imprecision and variability of Cavalieri volume
estimates increases as fewer sections are used (generally < 10) (Roberts et al. 1993, Howard and
Reed 2005). Therefore, it is more likely that the procedures used here to slab organs, which
resulted in as few as 4 pieces of liver or spleen for Cavalieri volume estimates, contributed to the
observed variability in shrinkage estimates. Exhaustive sectioning and selection of additional
sections per organ using SURS would result in improved precision of Cavalieri estimates of
organ volume (Roberts et al. 1993, Howard and Reed 2005). Future studies of MA should
measure and correct for organ shrinkage when analyzing volumetric estimates and examine for
possible effects of differential shrinkage among MA, parenchyma, stroma and other tissue
components.
While absolute estimates revealed clear trends in MA abundance in white perch, relative
estimates may be sufficient to describe MA abundance in other species with reduced age ranges,
in younger age classes or when organ volumes do not vary significantly (see Matsche et al.
2019). Relative volume of MA (MA volume / organ volume) may be useful for comparisons
among different species or organs and would be preferred over density estimates (MA number /
organ volume) when MA change in size. However, caution is advised when using relative
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estimates to ensure that observed trends reflect changes in MA abundance rather than changes in
reference volume. The added tasks involved in stereological approaches for absolute estimates
of MA are not onerous and provide unequivocal results. Pilot studies are recommended, when
possible, to develop an efficient tissue-probing scheme, including methods to account for tissue
shrinkage for stereological estimates of MA (Gundersen et al. 2013).

4.2 Biological factors
There was a significant age-related increase in MAVliv, and MAVspl in white perch (Matsche
et al. 2019, this study). Overall, age had the strongest effect on the observed pattern of MAVliv,
and MAVspl. Age was also the strongest biological factor on accumulation of MA in yellow
perch Perca flavescens (Brown & George 1985) and a clear pattern of increased MA density
with age was evident in several species such as white suckers Catostomus commersoni, rainbow
trout Oncorhynchus mykiss, Tilapia zillii, and Scopthalmus maximus (Agius 1981b, Couillard &
Hodson 1996). Lipofuscin/ceroid pigments are considered a hallmark of aging as a result of
progressive increases over time from the routine turn-over of lipid membranes, effete
mitochondria and other tissue components and are relatively insoluble and resistant to
degradation (Terman & Brunk 2004). Increased deposition of lipofuscin/ceroid resulting in
increased MA can also be considered an age-related effect in white perch and several other
species (Agius 1981b, Brown & George 1985). When conducting new studies, it is important to
establish if an age-structured abundance of MA exists in the fish population. If so, then age will
be an important independent variable in the analysis of MA. Averaging estimates of MA over a
wide age range may limit the ability to detect differences by treatment group. In some species
such as white perch, age must be determined from examination of scales or otoliths (Matsche et
al. in press), while in other species such as striped bass Morone saxatilis, TL may serve as a
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proxy for age (DNR stock assessment data). It is also important to base the age-related structure
of MA on absolute estimates rather than relative estimates as the volume of organs typically
increases with age, season, condition and many other factors in fish. In white perch, density and
relative area estimates did not reflect the continued age-related increase of total volume of
splenic MA in older fish (Matsche et al. 2019).
Interestingly, the age-related increase in MAVliv and MAVspl was similar in white perch in
this study. The organ volumes (SVliv and SVspl) however, differed by approximately an order of
magnitude, which resulted in much higher relative volumes and densities of MA in the spleen
giving the appearance of much higher overall abundance. Ontogenetic studies indicated that MA
may increase more rapidly in the spleen and kidney compared to the liver within the first year of
life in some species (Agius 1981b). In older fish, splenic MA may be markedly more numerous
than hepatic MA in some species, such as shorthorn sculpins Myoxocephalus scorpius (Dang et
al. 2019), but less numerous in species such as the freshwater characin Prochilodus argenteus,
which may reflect functional differences in MA by organ that could differ in importance by
species (Ribeiro et al. 2011). In this study, trematode infections in the spleen were significant
factors in MAVspl, which likely contributed to the modestly higher volumes compared to
MAVliv.
Females had significantly higher MAVliv and MAVspl in this study, but the differences were
only detected in the Severn River population. Sex was also not determined to be a significant
factor on splenic MA abundance in a previous study of white perch collected in AugustSeptember from the Choptank River (Matsche et al. 2019). Available studies indicate a trend of
higher density and relative areas of MA in the spleen of males, whereas females tend to have
higher densities or volumes of MA in the liver. Density and relative area of splenic MA were
significantly greater in male carp Cyprinus carpio collected from diverse locations throughout
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the U.S. (Hinck et al. 2008) and in male northern pike Esox lucius from the Yukon River Basin,
Alaska (Hinck et al. 2007). Male shorthorn sculpins had splenic MA that were 1.5 times higher
in density and 2 times higher in size compared to females (Dang et al. 2019). Significant
differences in splenosomatic index were reported for carp and northern pike and so sex-specific
differences in MA density and relative area could be the result of differences in spleen volumes.
Hepatic MA were significantly greater in total volume and size (stereological estimates) in
female platyfish Xiphophorus maculatus at different temperatures (Ferreira 2011), and densities
of hepatic MA were significantly higher in female greater amberjack Seriola dumerili held in
captivity (Passantino et al. 2020). Increased MA in the liver or other organs of females could
result from sex-specific differences in reproductive physiology including circulating hormones
(Ferreira 2011) or increased apoptosis, follicular atresia and liver remodeling (Jordanova et al.
2008, Passantino et al. 2020), which can occur during spawning or post-spawning periods.
Increased MA in the gonads of regressing post-spawned females (red mullet Mullus barbatus),
but not in post-spawned males indicates that the extent of tissue changes including MA may be
greater in females (Micale et al. 2019). Therefore, sex may be an important independent variable
when assessing MA in certain seasons and reproductive phases of fish. However, not all species
may exhibit significant differences in MA by sex (Blazer et al. 1987, Rocha et al. 1997,
Figueiredo‐Fernandes et al. 2006).
A significant positive relationship was observed between MAVspl and K in this study,
although the proportion of the model variance explained by K was low (R2=0.034) and the
standardized betas suggested that age and river were more important factors. In contrast, there
was a significant inverse relationship between the density of MA and K or relative weight in
multiple organs brook trout Salvelinus fontinalis and rainbow trout Oncorhynchus mykiss
(Schwindt et al. 2006), largemouth bass Micropterus salmoides (Blazer et al. 1987), and in the
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catfish Plotosus lineatus (Balamurugan et al. 2012). Reduced K can occur from a number of
reasons including starvation or changes in diet (Montero et al. 1999, Mizuno et al. 2002),
infection or disease (Thilakaratne et al. 2007, Latour et al. 2012, Matsche et al. 2019), and
exposure to contaminants (Khan 2003, Patiño et al. 2003), all of which have been linked to
increased MA in some species. Some studies report no statistical associations between MA and
K, such as in juvenile turbot Scopthalmus maximus exposed to contaminated sediments
(Kerambrun et al. 2012b).

4.3 Environmental factors
Temperature and DO concentrations had a significant influence on liver volumes in this
study, but not volumes of MA. All fish were collected in the same season and the range in
environmental conditions among the sampled populations was low, which limited our ability to
detect the possible influences of water temperature, salinity and DO on MA. Bottom
temperature was initially lower in the Choptank River, but was higher during the last round of
fish collections, while bottom DO was consistently lower and salinity was consistently higher in
the Severn River. Hypoxia has been associated with increased splenic MA in some species
(Fournie et al. 2001, Edwards et al. 2020), but hypoxia may also induce splenic contraction
(Yamamoto et al. 1985), which can elevate densities regardless of changes in total MA
abundance (Matsche et al. 2019). Temperature may also influence MA abundance. Abrupt
temperature changes may result in declines in density of MA, particularly hyperthermia (Mateus
et al. 2017). Temperature has also been shown to inversely correlate with MA in the marine
catfish Plotosus lineatus over multiple seasons with lower densities generally occurring in
summer (Balamurugan et al. 2012) or MA that are smaller in size and relative volume in summer
and autumn (Rebok et al. 2015). However, in Nile tilapia Oreochromis niloticus relative area or
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total volume of MA did not vary significantly in fish held at 17º and 30º C (Figueiredo‐
Fernandes et al. 2006).
Seasonal changes in MA may be more closely associated with physiological changes and
stressors during the reproductive cycle, which often correlate generally with temperature or time
of year. For example, maximum abundances of MA were documented during the post-spawning
period in some species (Jordanova et al. 2008, Kumar et al. 2016). Laboratory studies and field
studies conducted over multiple seasons or from sites with a greater range in environmental
conditions would likely improve understanding of factors that regulate MA in white perch and
other species. Including specific information on the reproductive stage of the fish may help
determine the relative influence of environmental vs reproductive factors.

4.4 Bacteria and parasites
Although MA and other signs of inflammation were often not found directly associated
with trematode metacercariae, parasitic infections were a significant factor in increased MAVspl
in white perch (Matsche et al. 2019; this study). The lack of an association between parasites
and hepatic MA in this study was likely because the prevalences of trematode infections were
significantly less in the livers compared to the spleens. Encysted trematodes often exhibit few or
no direct signs of inflammation, but some trematode infections may result in increased thickness
of fibroblastic connective tissue, an influx of inflammatory infiltrates, and increased MA in
surrounding tissues (Dezfuli et al. 2005, Dezfuli et al. 2013). Significant correlations were found
between MA counts and numbers of the trematodes Plagioporus sinitsini, Posthodiplostomum
minimum, and Diplostomum spp. in the spleen of spottail shiners Notropis hudsonius
(Thilakaratne et al. 2007). Increased occurrence of MA was observed in the liver of cod Gadus
morhua with hepatic trematodiasis (Borucinska & Morka 2016) and in the heart of leopard
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coralgrouper Plectropomus loepardus infected with the trematode Pearsonellum corventum
(Overstreet and Thulin 1989). A variety of other parasites can elicit an inflammatory response
including increased MA in fish such as coccidia (Vogelbein et al. 1987), myxozoa (Dykova
1984), monogeneans (De Vico et al. 2008), and nematodes (Galindo et al. 2017).
Chronic bacterial infections can also result in increased MA in fish. Mycobacteriosis sp.
infections resulted in granulomatous inflammation and increased volumes of the spleen
(splenomegaly) and splenic MA in wild and cultured striped bass and white perch from the
Choptank River (Matsche et al. 2019). It is not known why granulomas were not a significant
factor in MAVspl in this study but were a significant factor previously (Matsche et al. 2019).
While the prevalences of splenic infections were comparable, the fish examined by Matsche et
al. (2019) were collected in summer, which was markedly warmer and may have resulted in
more severe infections compared to the present study. Increased MA have been reported in other
fish species with Mycobacterium marinum infections including Nile tilapia (Manrique et al.
2019), Japanese medaka Oryzias latipes (Broussard & Ennis 2007), and zebra danio Danio rerio
(Swaim et al. 2006). Mycobacterium shottsii and M. pseudoshottsii are the most commonly
encountered species from Chesapeake Bay striped bass and white perch, but multiple species are
often isolated from individual fish and the pathogenicity of the various species is not clear at this
time (Gauthier et al. 2010, Stine et al. 2010).

4.5 Contaminant exposures
There was a significantly higher age-related increase in MA in both the liver and spleen
of white perch from the more polluted Severn River. Waterborne concentrations of PAHs,
organochlorine pesticides, and BDPEs were higher in the Severn River (Matsche et al. in press),
and previous surveys indicated that the Severn River was likely higher in other contaminants
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such as PCBs and heavy metals (Hartwell & Hameedi 2007). Laboratory studies have
demonstrated associations between increased MA abundance and contaminants such as heavy
metals, PAHs, organochlorines, and organotin compounds. Heavy metals exposed to fish by
dietary or waterborne routes including copper (Mela et al. 2013), lead (Rabitto et al. 2005),
mercury chloride (Mubarokah et al. 2018), methylmercury (Mela et al. 2007), cadmium (Giari et
al. 2007, Suresh 2009), silver nanoparticles (Sayed & Younes 2017), and iron-oxide
nanoparticles (Qualhato et al. 2018) resulted in increased densities or other parameters of MA.
Changes in MA abundance were detected in the liver following copper and iron-oxide
nanoparticle exposures (Mela et al. 2013, Qualhato et al. 2018) and in the anterior kidney (but
not the liver) following lead and methylmercury exposures (Rabitto et al. 2005, Mela et al.
2007). In response to cadmium exposures, MA density and size increased to a greater extent in
the spleen than the kidney of European sea bass Dicentrarchus labrax (Giari et al. 2007), while
in Mozambique tilapia Tilapia mossambica, MA densities increased to a greater extent in the
liver and MA size increases were comparable among liver, kidney and spleen (Suresh 2009).
Heavy metals are sequestered in MA, presumably from phagocytosis of cells or cell debris as a
detoxification mechanism (Pulsford et al. 1992, Batchelar et al. 2013, Barst et al. 2015).
Waterborne exposures of the herbicide terbuthylazine (3.55, 5.01 and 7.08 mg/1) to
European sea bass resulted in an increased density and size of MA in the kidney 24 and 48 h
following exposures (Dezfuli et al. 2006). Intraperitoneal injection (IP) of the PAH
phenanthrene (70 mg/kg body weight) resulted in increased MA density and size in the spleen
and anterior kidney of yellowfin seabream Acanthopagrus latus 4-14 days following exposures
(Shirmohammadi et al. 2017). Single IP injections of 0.01-2.93 μg/kg 2,3,7,8tetrachlorodibenzo-p-dioxin (TCDD) resulted in a dose-related induction of 7-ethoxyresorufinO-deethylation (EROD) activity and increased densities of hepatic MA after 1 week (van der
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Weiden et al. 1994). In the South American catfish Rhamdia quelen, IP injections of tributyltin
(TBT; 0.03, 0.3, or 3.0 mg/kg) resulted in significantly increased hepatic MA densities 5 days
following exposures, while similar treatments with benzo(a)pyrene (0.3, 3.0 or 30 mg/kg) and
dichlorodiphenyltrichloroethane (DDT; 0.03, 0.3, or 3.0 mg/kg) did not result in increased MA
densities (Oliveira et al. 2015). However, mixtures of 2 or 3 of these contaminants (B(a)P, DDT,
TBT) resulted in significantly greater hepatic MA densities compared to any of these compounds
exposed in isolation (Oliveira et al. 2015). This is an important finding as polluted aquatic
habitats often contain numerous and complex mixtures of contaminants (Matsche et al. in press)
and such associations highlight the potential for synergism among at least some toxic
environmental contaminants. Other contaminants with a demonstrated association with
increased MA abundance from laboratory studies include light crude oil, dispersed oil and
Nalfleet oil spill dispersant (Agamy 2012); perchlorate (Capps et al. 2004); oil-contaminated
sediments (Khan 1991); 4-nonylphenol (Sayed et al. 2019); and potassium dichromate (Kranz &
Gercken 1987).
In additional to laboratory studies, numerous field studies have also demonstrated
statistical associations between MA parameters and exposures to degraded habitats or
environmental contaminants. Several studies demonstrated significantly greater MA densities in
fish from contaminated sites compared to reference sites (Patiño et al. 2003, Dabrowska et al.
2012, Iwanowicz et al. 2012, Kerambrun et al. 2012a, Jordanova et al. 2016, Basilone et al.
2018), or that MA abundances were useful in identifying contaminant hotspots (Spazier et al.
1992, Fournie et al. 2001, Batchelar et al. 2013, Müller et al. 2015). Density of MA correlated
with seasonal applications of insecticides (Armero-Lituañas & Ocampo 2015) and with seasonal
hypoxia (Edwards et al. 2020). Significant correlations were demonstrated between MA
densities and tissue residues of mercury (Meinelt et al. 1997, Drevnick et al. 2008, Schwindt et
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al. 2008, Batchelar et al. 2013), zinc or PCBs (Hinck et al. 2007), or a mixture of heavy metals
(Barst et al. 2015). Significant associations were also identified between MA densities or other
parameters and certain anthropogenic sources such as sewage effluent (Schlacher et al. 2007),
mining activity (Jordanova et al. 2017, Ivanova et al. 2020), an oil refinery or an oil spill (Khan
2003, Ali et al. 2014), or a pulp or paper mill (Khan et al. 1994, Couillard & Hodson 1996).
Declines in MA parameters also correlated with a decrease in exposure to environmental
contaminants following remediation efforts (Facey et al. 2005). Increased hepatic MA have been
linked with cytochrome P450 monooxygenase (CYP1A) expression (van der Weiden et al. 1994,
Dabrowska et al. 2012, Passantino et al. 2014, Basilone et al. 2018) and increased apoptosis
(Corriero et al. 2013, Passantino et al. 2020) following exposures to contaminants. Therefore,
hepatic MA may proliferate as a result of increased phagocytosis of cell debris and increased
production and accumulation of lipochrome pigments following toxicosis and tissue damage.
Metabolic and functional differences indicate that splenic MA may have a greater role in
immune reactions related to antigen presentation (Vigliano et al. 2006, Ribeiro et al. 2011), but
detoxification and clearance mechanisms are still important functions of MA in the spleen,
kidney and other tissues (Pulsford et al. 1992, Batchelar et al. 2013).
While most studies associate increased abundance of MA following toxicosis, a few
studies have reported declines in MA from exposures to PAH or other contaminants.
Experimental exposures of winter flounder Pseudopleuronectes americanus to sediments
contaminated with various combinations and concentrations of PAH resulted in a trend of
declining density of hepatic MA with total PAH abundance (Payne & Fancey 1989). However,
the authors also reported a trend of liver hypertrophy and splenic atrophy with increasing PAH
concentrations. The extent of hypertrophy was not reported and therefore it is not possible to
assess the extent with which hypertrophy may have impacted the volume of livers, and hence,
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MA density estimates. In addition, Payne & Fancey (1989) did not evaluate size or relative area
of MA, which could have provided additional useful information. Equivocal results have also
been reported for plaice Pleuronectes platessa exposed to potassium dichromate (Kranz &
Gercken 1987). The density of splenic MA increased and the size of MA decreased, but the
relative area of MA did not change significantly 27 d following exposure (Kranz & Gercken
1987). The data of Kranz and Gercken (1987) suggests that existing MA may have fragmented
into smaller aggregations but there is no clear evidence indicating if total abundance changed
significantly. Better evidence of decreased abundance of MA from exposures to PAH or
mixtures of contaminants comes from a cytopathology study of the spleen of eel following
exposure to a chemical spill containing phosphate esters, chlorinated hydrocarbons, PAHs,
aromatic nitro compounds, urea, and heavy metals (Spazier et al. 1992). Splenic MA were not
found in eels that survived the chemical spill for 13 days, while abundant MA were observed in
the spleen of controls that were collected upstream and outside of the chemical spill (Spazier et
al. 1992). It is not known what mechanism might account for a decrease in MA. Kranz and
Gercken (1987) and Spazier et al. (1992) hypothesized that some contaminants my reduce the
aggregative or chemotactic ability of MA. However, the situations in which MA appear to
decrease in abundance in response to contaminant exposures or other stressors appears to be very
limited.
It is clear from the numerous laboratory and field studies that MA respond to a wide
variety of contaminants. In many cases, the specific etiology of induced changes in MA in wild
fish populations may not be known precisely because of the diverse types of stressors often
encountered in impacted aquatic habitats. Most likely, MA patterns observed in many wild
populations will include both a biological component (age and sex depending on the time of year
and species) and a cumulative or synergistic response to various stressors. It is important that
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sufficient biological, environmental and anthropogenic data are collected in field studies to
identify and account for the various factors that may affect MA abundance in the target fish
species. If relative morphometric methods are used, it is equally important to verify that any
observed differences reflect changes in MA abundance rather than changes to the tissue
reference volume.

4.6 Hemosiderin expression
There was a significant direct relationship between Hliv and B[a]Pm in white perch.
While PAH metabolite concentrations were generally higher in Severn River fish, B[a]Pm was
not statistically associated with MAVliv or with specific degenerative or proliferative lesions in
the liver (Matsche et al. in press). Therefore, these results should be taken with caution, as Hliv
and B[a]Pm may covary significantly with other unidentified factors. However, increased
hemosiderin in MA was associated with heavy metal contamination from mining activity
(Ivanova et al. 2020) and in winter flounder in close proximity to a pulp and paper mill (Khan et
al. 1994). Hemosiderin formation is associated with recycling of effete erythtrocytes and may
occur to a greater extent in the spleen (Yu et al. 1971, Fulop & McMillan 1984). Hemosiderosis
often follows hemolytic events (Agius 1981a), which can occur from a number of stressors such
as bacterial infections (Matsche & Grizzle 1999, Manrique et al. 2019), exposure to seasonal
hypoxia (Edwards et al. 2020), toxicosis (Khan et al. 1994, Ivanova et al. 2020), and starvation
(Agius 1981a). Hemosiderin may decrease in response to abrupt temperature changes,
particularly hyperthermia (De Souza Santos et al. 2014). Further work will be necessary to
understand factors may effect changes in hemosiderin content in white perch and other fish.
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4.7 Conclusion
The results of this study demonstrate a significant, age-related increase in the volume of
MA in the liver and spleen of white perch and that the age-related volumes of MA were
significantly greater in the more polluted Severn River compared to Choptank River.
Differences in MA abundance were detected by stereological estimates of total volume but not
by relative estimates of MA density, which varied significantly with changes in organ volumes.
Volume of MA in both organs was significantly greater in females from the Severn River,
splenic MA was significantly influenced by trematode metacercariae infections and fish
condition (K), and the amount of hemosiderin in the liver was significantly related to B[a]Pm.
Comparison of standardized betas from the GLMs indicated that age and river had the greatest
strength of effect on MA volumes. Environmental factors were only detected for organ volumes;
temperature and DO were directly related to liver volume while DO was directly related to
spleen volume. Distinct differences were detected in MA by river, which according to the
present data, were not attributed to differences in environmental conditions such as salinity,
temperature or DO. Therefore, it is likely that exposures to higher concentrations of
environmental contaminants in the Severn River contributed to the increased volume of MA in
that fish population. However, this study was conducted within a single season in only 2
tributaries, and while a suite of waterborne chemical contaminants were measured, we evaluated
only a single class of environmental contaminants (PAHs) in the tissues of the fish. There are
numerous other potentially important factors that were not evaluated here but may have been
influential including genetic, bioenergetic, stock densities, and other aspects of habitat quality.
Further studies are needed over multiple seasons including a wider range of tributaries
representing a gradient in chemical contaminant impacts to confirm the trends observed in this
study. Also, linking tissue contaminants or other biomarkers of exposure may reveal more
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information on the relative influences of various contaminants on MA in Chesapeake Bay white
perch. While laboratory studies would certainly provide useful information on MA response
factors, mimicking the complex conditions in natural ecosystems such as an estuary is difficult.
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Figures
Figure 1. The sampling cascade used to quantify liver from white perch Morone americana. A)
Livers are placed on the cutting board with the visceral surface facing up and cut into slabs with
a tissue trimming knife using custom guides to control the slab thickness. B) Slabs were arranged
in order maintaining the same orientation of cut surfaces. The cut surface of slabs 1-3 face up
while the cut surface of the last slab 4 faces down. C) When dimensions permitted, slabs were
placed into tissue cassettes. D) Larger slabs were divided and placed into cassettes (4 slabs
divided into a total of 11 pieces in this example). E) Sections were probed at 40x magnification
using a systematic uniform random process. The starting location (*) was randomized outside of
the tissue area and the microscope stage was moved in 4 mm increments in the x- and y- axes
(arrows). A digital image was captured each time the field of view was located over tissue.
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Figure 2. Macrophage aggregates (ma) in the liver and spleen of white perch Morone
americana. A) Section of liver (40x magnification). B) Section of spleen (40x magnification)
with encysted trematode metacercariae (t) and granulomas (g). C) Liver with extensive
lipofuscin/ceroid pigments (red) in ma. D) Liver with lipofuscin/ceroid (red) and hemosiderin (h)
in ma. E) Spleen with lipofuscin/ceroid (red), hemosiderin (h) and melanin (m) in ma. F) Spleen
with extensive hemosiderin (blue) and melanin (m) in ma. Scale bars = 500 μm (A,B) and 50 μm
(C-F).
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Figure 3. Linear regression fits to organ volume data from white perch Morone americana. A)
Liver volumes of fish from the Choptank and Severn Rivers by sex and sexes combined. B)
Spleen volumes. Shaded region around each regression line indicates the 95% CI.
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Figure 4. Linear regression fits of total volume of macrophage aggregates in liver (MAVliv) and
spleen (MAVspl) from white perch Morone americana. A) MAVliv in fish from the Choptank and
Severn Rivers by sex and sexes combined. B) MAVspl in fish from the Choptank and Severn
Rivers by sex and sexes combined. Shaded region around each regression line indicates the 95%
CI.
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Figure 5. Quadratic regression fits of density of macrophage aggregates in the liver (Dliv) and
spleen (Dspl) from white perch Morone americana. Shaded region around each regression curve
indicates the 95% CI.
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Tables
Table 1. Scale used to score relative abundance of hemosiderin (H) in sections of liver (Hliv) and
spleen (Hspl).
Scale

Description

0

No hemosiderin observed in MA

1

Up to 25% of MA with some hemosiderin

2

25-50% of MA with some hemosiderin

3

50-75% of MA with some hemosiderin

4

75-100% of MA with some hemosiderin

5

100% of MA, all MA full of hemosiderin
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Table 2. Water quality data at fish collection sites in the Choptank and Severn Rivers
Date

River

Maximum
depth (m)

Surface

Bottom

temperature temperature

Surface

Bottom

Surface

Bottom

DO

DO

salinity

salinity

(ºC)

(ºC)

(ppm)

(ppm)

(ppt)

(ppt)

Feb 25

Choptank

2.8

4.2

3.9

11.4

9.2

0.9

1.4

Feb 27

Severn

2.6

4.8

5.3

10.9

9.1

2.7

3.2

Mar 5

Choptank

2.8

5.3

5.4

11.5

11.0

0.5

0.6

Mar 13

Severn

2.6

5.6

4.8

9.6

7.3

4.0

7.3

Mar 21

Choptank

2.8

10.4

10.5

9.8

9.5

0.8

0.8

Mar 27

Severn

2.6

9.7

8.5

9.7

7.1

2.7

5.5
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Table 3. Prevalence (%) of parasites and granulomas in the liver and spleen of white perch Morone americana. Outcomes indicate
results of logistic models. P values with an asterisk are statistically significant.
River

Sex

Trematodes Trematodes Granulomasa Granulomasa Goussia Myxidium

n

liver

spleen

liver

spleen

bayae

sp. liverb

liverb
Choptank

Severn

F

62

25.8

51.6

3.2

19.4

100

30.6

M

60

18.3

51.7

1.7

15.0

100

15.0

F

69

26.1

68.1

2.9

24.6

100

14.5

M

62

32.3

69.4

4.8

32.3

100

38.7

River

0.4441

0.0112*

0.9366

0.1774

n/a

0.8929

Age

<0.0001*

0.0003*

0.6071

<0.0001*

n/a

<0.0001*

Sex

0.8679

0.3899

0.5053

0.4500

n/a

0.8840

K

0.0563

0.2089

0.7372

0.9079

n/a

0.3303

Outcomes

a

Prevalence of fish with at least 1 granuloma containing acid-fast bacteria.

b

Infections in intrahepatic bile ducts, data from Matsche et al. in press.
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Table 4. Model results for volumes of liver (SVliv) and spleen (SVspl) of white perch Morone
americana. P values with an asterisk (*) indicates statistical significance. Standardized beta
coefficients (Std beta) are provided for strength of effect comparisons.
Parameter

Term

Std beta

SE

T ratio

P

SVliv

River

-0.5284

0.029219

-7.11

<0.0001*

Age

0.1401

0.006268

3.35

0.0009*

Sex

0.5420

0.014712

14.42

<0.0001*

K

0.3004

0.145622

7.68

<0.0001*

Trematodes

0.0415

0.033145

1.32

0.1880

CIa

-0.0942

0.022767

-2.49

0.0134*

PIb

-0.06960

0.001919

-1.83

0.0683

Proliferative
lesionsc

0.2035

0.0155

-1.36

0.1762

Temperature

0.2989

0.013773

3.26

0.0013*

Salinity

0.1260

0.033231

1.22

0.2277

DO

0.5564

0.013828

3.97

<0.0001*

River

-0.7641

0.0656

-6.81

<0.0001*

Age

0.0018

0.0137

-0.41

0.6804

Sex

0.1296

0.0332

2.24

0.0215*

K

0.2395

0.3260

3.86

0.0001*

Granulomas

-0.0227

0.0751

1.55

0.1229

Trematodes

0.0149

0.0765

0.32

0.7481

Temperature

-0.1762

0.0311

-1.43

0.1541

SVspl
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a

-0.0990

0.0526

-0.47

0.6363

DO

0.4138

0.0310

2.59

0.0147*

Coccidial cholangitis in hepatic bile ducts (see Matsche et al. in press)

b
c

Salinity

Index of plasmodial abundance in hepatic bile ducts (see Matsche et al. in press)

Cholangiolar hyperplasia, dysplasia, or neoplasia (see Matsche et al. in press)
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Table 5. Model results for total volume of macrophage aggregates in the liver (MAVliv) of white
perch Morone americana. Model terms include naphthalene (NAPm), phenanthrene (PHEm)
and benzo[a]pyrene (B[a]Pm) metabolite equivalents. P values with an asterisk (*) indicates
statistical significance. Standardized beta coefficients (Std beta) are provided for strength of
effect comparisons.
Term

Std beta

SE

T ratio

P

River

-0.3681

0.0678

-3.91

0.0001*

Age

0.6167

0.0339

4.77

<.0001*

Sex

0.2033

0.0140

15.75

<.0001*

K

0.0234

0.3339

0.42

0.6783

Trematodes

-0.0117

0.0774

0.54

0.5872

Cholangitis

-0.0590

0.0797

0.02

0.9839

Plasmodia

0.0272

0.0757

-0.97

0.3341

Proliferative
lesions

-0.0440

0.0891

-0.71

0.4772

Temperature

0.0299

0.0337

-0.43

0.6650

Salinity

-0.0609

0.0547

-0.90

0.3680

DO

-0.1445

0.0331

-1.11

0.2697

NAPm

-0.0206

0.0009

-0.86

0.3944

PHEm

-0.0125

0.0036

-0.16

0.8710

B[a]Pm

0.0016

0.2501

0.02

0.9853
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Table 6. Model results for total volume of macrophage aggregates in the spleen (MAVspl) of
white perch Morone americana. P values with an asterisk (*) indicates statistical significance.
Standardized beta coefficients (Std Beta) are provided for strength of effect comparisons.
Term

Std beta

SE

T ratio

P

River

-0.5209

0.1120

-5.09

<.0001*

Age

0.5653

0.0544

1.97

0.0415*

Sex

0.0809

0.0217

12.79

<.0001*

K

0.1507

0.5314

3.29

0.0012*

Age*K

-0.0955

0.1702

-2.36

0.0188*

Trematodes

0.1400

0.1174

3.17

0.0018*

Granulomas

-0.0584

0.1256

1.18

0.2377

Temperature

0.01751

0.0508

0.28

0.7774

Salinity

-0.0793

0.0865

0.03

0.9734

DO

0.1156

0.0508

1

0.3179
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Table 7. Relative hemosiderin abundance scores (Hliv and Hspl) of hepatic and splenic
macrophage aggregates in white perch Morone americana from the Choptank and Severn Rivers.
Data are given as number of fish followed by percentage in parentheses.
Organ

Score

Choptank R.

Severn R.

Liver

0

88 (72.1 )

88 (67.2)

1

31 (25.4)

38 (29.0)

2

2 (1.6)

3 (2.3)

3

0 (0)

2 (1.5)

4

1 (0.9)

0 (0)

5

0 (0)

0 (0)

0

2 (1.6)

1 (0.75)

1

3 (2.5)

1 (0.75)

2

0 (0)

0 (0)

3

1 (0.9)

0 (0)

4

63 (51.6)

41 (31.3)

5

53 (43.4)

88 (67.2)

Spleen
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Table 8. Model results for hemosiderin accumulation in the liver (Hliv) of white perch Morone
americana. Model terms include naphthalene (NAPm), phenanthrene (PHEm) and
benzo[a]pyrene (B[a]Pm) metabolite equivalents. P values with an asterisk (*) indicates
statistical significance. Standardized beta coefficients (Std beta) are provided for strength of
effect comparisons.
Term

Std beta

SE

T ratio

P

River

-0.0471

0.0854

-0.55

0.5815

Age

-0.0233

0.0430

-0.54

0.5888

Sex

0.0210

0.0171

1.23

0.2201

K

-0.2510

0.4238

-0.59

0.5543

Trematodes

0.0398

0.0972

0.41

0.6826

Cholangitis

-0.1132

0.1010

-1.12

0.2638

Plasmodia

0.0449

0.0409

1.1

0.2736

Proliferative
lesions

0.0287

0.0687

0.42

0.6769

Temperature

0.0333

0.0415

0.8

0.4236

Salinity

-0.0472

0.0754

-0.55

0.5815

DO

-0.0367

0.0331

-1.11

0.2697

NAPm

0.0047

0.0024

3.62

0.0570

PHEm

0.0038

0.0089

0.19

0.6626

B[a]Pm

1.3811

0.7495

4.03

0.0447*
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Table 9. Model results for hemosiderin accumulation in the spleen (Hspl) of white perch Morone
americana. P values with an asterisk (*) indicates statistical significance. Standardized beta
coefficients (Std beta) are provided for strength of effect comparisons.
Term

Std beta

SE



P

River

0.5316

0.3147

2.85

0.0911

Age

-0.1727

0.0684

6.38

0.0115*

Sex

0.2229

0.1512

2.17

0.1405

K

-3.6098

1.4799

5.95

0.0147*

Trematodes

-0.5994

0.2901

4.27

0.0388*

Granulomas

0.2222

0.1808

1.51

0.2192

Temperature

-0.1828

0.1393

1.72

0.1894

Salinity

-0.1336

0.2417

0.31

0.5804

DO

-0.1584

0.1417

1.25

0.2636
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